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Abstract 
The work carried out for this thesis focussed on four main areas: (i) the examination 
and optimisation of the conditions for carbon nanofibre (CNF) growth, both 
unsupported and as films on substrates, (ii) the electrochemical characterisation ofthe 
CNF material before (as-grown) and after solubilisation (oxidation), (iii) the 
formation and investigation ofCNF thin film electrodes, and (iv) the (co-) deposition 
of the CNFs with metals from aqueous plating solutions. 
CNFs are grown at an iron nanoparticle catalyst produced from an iron oxide 
precursor. After exploratory work with different types of iron oxide precursors, a 
suitable and universally applicable catalyst is identified. CNFs are characterised by 
electron microscopy, spectroscopy, and electrochemistry. When grown onto a ceramic 
substrate, the 'as-grown' CNF material is shown to act as a porous, high surface area 
electrode with the ability to strongly adsorb aromatic molecules, such as 
hydroquinone, benzoquinone, and phenol. 
Following the oxidation of the bulk CNFs in concentrated nitric acid the resulting 
oxidised fragments are soluble in alkaline aqueous solution. Deposition onto inert 
carrier electrodes and immersion into acidic aqueous electrolyte allows a new 
electrochemical signal to be detected, consistent with a surface bound quinone. The 
layer-by-layer and sol-gel deposition of the solubilised CNF material with chitosan (a 
natural poly-cationic ionomer) and silicates, respectively, allows novel carbon 
structures to be grown and used as electrodes. 
CNF/metal (zinc and copper) composites were electrodeposited. Conventional and 
pulse plating methods were investigated under various conditions of agitation, current 
density, and time. The electrochemistry of the Cu and Zn plating solutions was 
explored. The metallCNF composite films grown were characterised using the quartz 
crystal microbalance (QCM), field emission gun scanning electron microscopy 
(FEGSEM), energy dispersive X-ray analysis (EDX), and Auger electron 
spectroscopy (AES) techniques. 
viii 
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Chapter 1 
Introduction 
1 
1.1. Aims 
The work. described in this thesis was a collaboration between the Department of 
Chemistry and the Institute of Polymer Technology and Materials Engineering. The 
main aims were to explore and exploit the properties of Carbon Nanofibre (CNF) 
materials in novel electrochemical and electrodeposition processes, more specifically: 
(1) to develop a reliable synthesis for carbon nanofibres 
(2) to characterise the properties of carbon nanofibre materials 
(3) to form and investigate thin fihn electrodes containing carbon nanofibres 
(4) to develop metal/carbon nanofibre codeposition techniques based on 
electrodeposition 
1.2. Carbon Materials 
CNFs have been known for many years as an unwanted product from the catalytic 
conversion of carbon containing gases. However, the discovery of the structure of 
carbon nanotubes (CNT) by Iijima in 1991 [1] has given CNF technology a recent 
boost. CNFs exhibit some similarities to fullerenes and nanotubes. They combine the 
attributes of active carbon, possessing high surface area, e.g., the activated carbons 
used in supercapacitors, whose energy density is proportional to the surface area per 
unit volume of the carbon, and the electrical conducting properties of graphite. 
Carbon fibres, which have previously been referred to as carbon filaments, have been 
known since the 19th century. In 1889 a process describing the growth of carbon 
filaments from carbon containing gases was patented [2]. The growth took place in a 
metallic container, which, it was later realised, acted as a catalyst for the reaction. 
Robertson was one of the first to appreciate that graphitic carbon could be produced at 
relatively low temperatures by the interaction of methane and metal surfaces [3]. 
The arc-discharge and laser ablation methods, used for the growth of fullerenes and 
nanotubes, lead to mixtures of carbon products, which results in awkward purification 
to yield the desired material. From a practical point of view the catalytic vapour 
growth of nanofibres seems a reasonable alternative with a number of advantages over 
these methods [4, 5]. The arc technique is a batch process, so the amount of material 
which can be generated is limited and the deposits produced contain significant 
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amounts of nanoparticles. Using the catalytic vapour deposition technique, very pure 
CNFs with good size uniformity can be achieved, controlled by the size of the catalyst 
particles, and the process can be scaled up to produce large amounts of fibres. 
A number of metal/metal alloy catalysts are used to produce graphitic CNFs. These 
include iron, copper, and nickel [6], chromium, vanadium, and molybdenum. The 
metals can be used as either bulk particles, typically 100 nm in diameter, or as 
supported particles, 10 - 50 nm in diameter. Various sources of carbon are possible, 
e.g., methane, carbon monoxide, synthesis gas (H2/CO), ethyne, or ethene. The usual 
temperature for CNF growth is between 700 and 1200 K. 
The steady state growth of CNFs from a catalyst particle is represented schematically 
in Fig. 1.1. 
O/C02 
Figure 1.1. Schematic representation of the catalytic growth ofa CNF using a carbon containing gas. 
The schematic is taken from the review of de Jong and Geus [5]. The first step, (1), is 
the decomposition of a carbon containing gas on the metal surface. Carbon atoms are 
deposited on the surface with an associated release of gaseous products, such as 
molecular hydrogen, carbon dioxide, and water, depending on the carbon gas used. 
Then, (2), carbon atoms dissolve in and diffuse through the bulk of the metal, with 
surface diffusion possibly playing a part in this. Finally, (3), precipitation of carbon in 
the form of a CNF consisting of graphene occurs. 
It turns out that the structure of. the CNF growth at the catalyst surface can be 
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modified and controlled. The schematic in Fig. 1.2 (a) illustrates the tubular type of 
fibres that can be obtained from iron particles [7] and from nickel particles at elevated 
temperatures [8]. 
(a) (b) 
Figure 1.2. Schematic representation of (a) the parallel or tubular fibre structure and (b) the 
fishbonelherringbone structure (5). 
In the tubular type of fibre only the basal plane of graphite is exposed at the surface. 
The herringbone type of CNF has only graphite edge sites exposed and should 
therefore exhibit a very different reactivity during adsorption processes. This is as a 
consequence of the number of graphite edge atoms exposed in (a) being relatively 
small compared to (b), and therefore, the surface area of the parallel fibre expected to 
be significantly lower than that of the herringbone fibre. The latter form is mainly 
observed with nickel or nickel/iron alloys and methane as the carbon source. 
Snoeck et al. used a theoretical model to explain the growth of both full and hollow 
fibres from supported metal particles [8]. The nucleation of filamentous carbon 
requires the supersaturation of carbon in nickel, followed by reconstruction and 
faceting of the particle and precipitation of graphitic layers. Deformation of the nickel 
particle takes place upon carbon filament formation. It was proposed that the 
deformation of the nickel particle and the appearance of the carbon filaments are 
related to their relative rates of nucleation and of the diffusion of carbon through the 
nickel and to differences in the diffusional path length on the metal/carbon interface 
causing differences in the rate of carbon supply leading to the formation of either 
hollow or full carbon filaments. 
The addition of excess hydrogen is required, when either C214 or CO are used as the 
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carbon source, to balance the amount of carbon atoms in the nanofibre growth 
process. Hydrogen reduces the amount of carbon atoms formed and can therefore 
prevent encapsulation, and thus, deactivation ofthe catalyst [9]. 
1.3. Soluble Carbon Nanosols 
Since this work includes the solubilisation of CNFs soluble carbon nanosols are now 
briefly discussed. Colloidal carbon refers to carbon sols in which both the amorphous 
and crystalline forms are dispersed in water or organic media. Colloidal carbon has 
many applications including use in inks and paints, as a lubricant, fuel and as an 
adsorbent. 
Soluble or colloidal forms of carbon have been known for over 100 years [10], when 
Bartoli and Papasgoli obtained stable suspensions of elemental carbon during a study 
of the products obtained by the electrolysis of acids and alkalis with a carbon anode. 
In each case the anode disintegrated to yield soluble black products. 
Carbon sols can be produced by a number of methods [11]. Anodic disintegration 
involves the electrolysis of ammonia or alkali; the carbon anode is consumed resulting 
in the sol. In electric arc disintegration stable organosols can be derived from an 
organic liquid, e.g., carbon tetrachloride, chloroform, rather than from the 
disintegration of the electrodes [12]. Decomposition of organic compounds yields a 
sol mixture, e.g., the action of sulphuric acid on sucrose [13]. The sols can also be 
prepared by peptisation, e.g., aquadag and oildag, which are colloidal dispersions of 
graphite in water and oil, respectively. 
1.4. Applications of Carbon Nanofibres/tubes 
Nano carbons, in the form of single walled nanotubes (SWNT), multi walled 
nanotubes (MWNT), nanofibres or nanostructured carbon, have varied applications. 
These include being utilised in the areas of electrochemistry, composites, field 
emission, and electronics. The largest current commercial use of CNTs is within 
thermoplastic matrices for the purpose of anti-static dissipation, particularly in the 
automotive and electronics industries. Such applications exploit the bulk properties of 
relatively defective catalytically grown materials, while other applications exploit the 
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properties of individual perfect CNTs. The thennal conductivity, thennal stability, 
wear resistance and other properties are also of interest. 
The areas of application mentioned above are now discussed in more detail: 
(A) Electrochemistry 
Carbon in the fonn of graphite is a common and well established stable electrode 
material, which does not undergo oxidation or reduction over a wide potential range. 
Consequently, CNTs with their large surface area and low resistivity have become an 
interesting material with potential novel uses in electrochemistry. 
Porous carbons are used as capacitors because of their high surface area, A, and low· 
double layer thickness, d, since C = eA/d, where E is the dielectric constant and C is 
the capacitance, as discussed in [14]. Although SWNTs have the highest surface area 
to volume ratio of any carbon material and so should make the ultimate capacitor, the 
surface area and energy density of activated carbon is already near the theoretical 
maximum. The advantage to using CNTs is their lower resistance compared to 
activated carbon, which could greatly increase their power density. The problem is 
contacting the CNTs to a polymer backing at low temperature and low cost. 
CNFs are also being used to increase the conductivity of porous carbon electrodes in 
Li batteries to improve their power density [15]. CNTs exhibit numerous 
advantageous characteristics when used as a filler in lithium ion battery electrodes, 
including [16]: 
a) the small CNT diameter allowing homogeneous distribution in the thin 
electrode material, introducing a larger surface area to react with the 
electrolyte 
b) improved electrical conductivity due to the high electrical conductivity of 
the CNTs, acting as an electrical bridge between graphite particles 
c) highly flexible electrode due to the CNT mat structure 
d) improved electrolyte penetration due to the homogeneous distribution of 
the CNTs surrounding the anode material 
e) the presence of CNTs absorbs stress caused by the intercalation of lithium 
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ions 
f) improved cycle efficiency of the battery for a relatively long cycle 
compared with that of carbon black 
Points (a) to (d) above are relevant advantages to many potential applications ofCNT, 
whereas points (e) and (f) are more specific to applications in Li ion batteries. 
CNTs decorated with metal nanoparticles, acting as fuel cell electrodes, have doubled 
the performance of certain fuel cells, due to the increased catalytic activity of CNT 
based electrodes [17, 18]. Matsumoto et al. have demonstrated that CNTs can 
significantly reduce the Pt catalyst loading in polymer electrolyte fuel cells in 
comparison with commercial carbon black materials [19]. 
It has been shown that CNFs are capable of providing the required porosity and pore 
structure, as well as excellent electrical conductivity, in order to be used as a material 
for gas diffusion electrode production for use in fuel cell cathodes [20]. 
Ryu et al. studied the effect of the mechanical grinding of the catalyst on the resulting 
CNFs. They established that the size and uuiformity of the as-grown CNFs could 
easily be tailored by tuning the mechanical grinding time. It was found that no Pt 
agglomeration occurred on the homogeneous bundles and twisted CNFs produced 
with mechanically ground catalyst, which have surface pits that may help to disperse 
the loaded Pt. These CNFs exhibited superior fuel cell performance, compared to 
those produced with unground catalyst [21]. 
CNTs and CNFs can be grown on a variety of substrates, which can be used directly 
as electrodes. This includes the growth of CNTs on fuel cell support materials, which 
subsequently have Pt particles deposited on them. Consequently, a composite 
electrode with an electrical path between the Pt catalyst and the carbon backing was 
obtained [22]. 
A MWNT/chitosan modified glassy carbon electrode has been used for the 
electrochemical determination of bromide. The CNTs were in the form of a porous 
meshy structure and the chitosan can effectively absorb halogen ions due to its amino 
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and hydroxyl groups. It is this combination of properties that led to the remarkable 
enhancement in the peak current observed compared to the use of chitosan or 
MWNTs alone [23]. 
MWNTs grown onto a platinum substrate have been used for the development of an 
amperometric biosensor. The opening and functionalisation by oxidation of the CNT 
array allows for ~e efficient immobilisation of the glucose oxidase enzyme, while the 
platinum substrate provides the direct transduction platform for signal monitoring 
[24]. The structure dependent metallic character of CNT should facilitate the 
promotion of electron transfer reactions at low overpotentials. This, along with their 
high surface area, provides the basis for unique biochemical sensing systems. 
A hemin-modified MWNT electrode (hemin immobilised through 1t-1t porphyrin-CNT 
interaction) was successfully constructed by Sheu et al. [25]. Cyclic voltammetry 
showed that the magnitude of the current for oxygen reduction was four times greater 
than that observed on the same MWNT electrode without immobilised hemin. The 
increase in the peak current and the positive shift in potential indicate that the hemin 
adsorbed at the surface of the CNTs electrocatalyses the reduction of O2• The 
modified electrode retained the electrical and structural properties of the CNTs, while 
adopting the electrocatalytic properties of hem in. 
It was found that the electro-oxidation of hydrazine was greatly improved at a CNT 
powder micro electrode; the CNTs could catalyse the anodic process. It was also 
shown that this type of electrode had a high sensitivity for hydrazine and could thus 
be used as a sensor for its detection [26]. 
A recent review by Banks et al. questions the use of multi walled CNT [27]. They 
highlight the advantages of edge plane pyrolitic graphite electrodes as electrode 
substrates in electroanalysis, due to the highly reactive edge plane sites, which allow 
low detection limits, high sensitivities, improved signal to noise characteristics and 
low overpotentials to be achieved. It was shown that, in a number of cases, edge plane 
electrodes can replace CNT modified electrodes due to their ease of preparation, cost, 
and relative advantages of reactivity. 
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(B) Composite Materials 
The strong mechanical properties of CNTs, due to the carbon/carbon covalent bond, 
are highly dependent on the atomic structure of the CNTs and on the number of shells 
present; they also exhibit useful electrical and thennal conductivity properties. 
Therefore, CNTs have been extensively studied as fillers in various matrices, 
especially polymers [28, 29]. 
Conducting carbon/epoxy composites generally consist of carbon black in a polymer 
as discussed by Robertson in [14], where it is illustrated that less than 0.01 % 
MWNTs is required compared to about 1 % carbon black to reach the percolation 
threshold, which gives a continuous path across the sample. This type of composite 
was first exploited by Hyperion to electrostatically apply paint to car components 
[30]. 
CNTs have been used as fibres or whiskers to toughen nanocomposites. For instance, 
they have been used to enhance the hardness and toughness of alumina films and are a 
good candidate for wear-resistant coatings [31]. Toughness enhancement was 
obtained through crack deflection, crack bridging, and fibre pullout. 
Indium tin oxide (ITO) is used as a transparent conducting material in displays. 
Flexible displays are of current interest but ITO is brittle and suffers from poor 
adhesion to plastics. CNTs are flexible and compatible with polymer substrates and 
are transparent if thin enough [32], giving them huge potential for application in this 
area. 
The mechanical properties achieved have not reached expectation. Much lower than 
anticipated Young's moduli have been achieved since the SWNTs are generally 
distributed as bundles and also only small amounts of the CNTs are dispersed in the 
host, with insufficient bonding across the nanotubelhost interface. These composites 
tend to fail either by fracture at the CNTlhost interface, or in the case of MWNTs, by 
pull out of the different shells ofthe MWNTs. This is discussed further in [14]. 
Tu et al. produced Ni-P-CNT composite coatings and CNT/copper matrix composites 
by electroless plating and powder metallurgy techniques, respectively [33]. Their 
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results demonstrated that the Ni-P-CNT electroless composite coating exhibited 
higher wear resistance and a lower friction coefficient than Ni-P-SiC and Ni-P-
graphite composite coatings. After annealing, the wear resistance of the CNT 
composite improved. CNT/copper matrix composites showed a lower wear rate and 
friction coefficient compared with pure copper. 
Chen et al. also prepared cobalt nanoparticle coated CNT by electroless plating. The 
CNTs underwent an oxidative treatment and surface modification (Sn2+ and Pd2+ 
activation) prior to plating, which resulted in the formation of Pd/Sn particles as 
active sites that initiate the deposition of cobalt [34]. They demonstrated the 
feasibility of electroless plating for the preparation of a one-dimensional nanoscale 
composite, suggesting that this might be useful in the generation of high strength 
adhesion between nanotubes and a metal matrix, using the CNT as a template. 
CNTs have also been investigated for the formation of e1ectrodeposited metallCNT 
composites, which is discussed in Sec. 1.5.2. 
(C) Field Emission Devices 
Field emission, FE, is the emission of electrons from a solid under an intense electric 
field. The advantages of CNTs over other field emitting materials have been outlined 
by de Jonge [35]. An application of CNTs in FE is as an electron gun for scanning 
electron microscopes and transmission electron microscopes [36], further details are 
available in [14]. 
FE displays are another potential application. CNTs have advantages in that the 
technology is relatively simple compared to previously used materials and the CNT 
display is robust [35]. 
(D) Electronic Devices 
Room temperature field effect transistors (a three terminal switching device, here 
consisting of a SWNT and two metal electrodes) have been fabricated. The fabrication 
of this three terminal switching device at the level of a single molecule represents an 
important step towards molecular electronics [37]. Furthermore, Avouris et al. have 
reported the selective tailoring of the properties of bundles of SWNTs allowing the 
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generation of arrays ofnanoscale field effect transistors [38]. 
1.5. Composite Electrodeposition 
In this section, composites will be discussed in terms of the manner in how composite 
electrodeposition occurs and with specific literature examples of metaVCNF 
electrodeposits. 
A composite material is a three-dimensional combination of at least two chemically 
distinct materials, with a distinct interface separating the components, created to 
obtain properties that cannot be achieved by any of the components acting alone [39]. 
Composite eJectrodeposition (also known as electrolytic co-deposition), or the ability 
to co-deposit inert particles within a metal matrix, can be traced back to the early days 
of electrodeposition. Though inert, the combination of the metal with this second 
phase results in a new functionality in the composite materia!. The formation of rough 
deposits was attributed to the presence of impurities in the electrolyte, which co-
deposited during electrolysis. 
The particles that may be entrapped include ceramic, polymer, and metal powders 
suspended in the electroplating bath. The amount of particles co-deposited with the 
metal depends on a number of factors including current density, potential, 
temperature, bath agitation, and particle concentration. 
In this work the formation of novel ZnlCNF and CulCNF composite electrodeposits is 
investigated. A number of the factors listed above are considered and are discussed in 
more detail in subsequent chapters. 
1.5.1. MetaVNon-metal Composite Electrodeposition Processes 
The simultaneous deposition of particles and metal can cause interesting changes in 
the physical and mechanical properties of the coatings. For example, it has been 
shown by Fransaer et aI. that the co-deposition of liquid-containing microcapsules 
enables the production of self-lubricating coatings through the inclusion of oil [40]. 
GuglieImi was the first to attempt to describe the mechanism of electrolytic co-
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deposition [41]. The mechanism proposed is based on two consecutive adsorption 
steps. The first step is postulated to be mainly physical in character and to produce a 
layer ofloosely adsorbed particles at high coverage. The second step is thought to be 
field assisted, therefore substantially electrochemical in character, and produces a 
strong adsorption of the particles onto the electrode. The strongly adsorbed particles 
are then progressively submerged by the growing metal. In the first step the particles 
are still coated by a thin layer of adsorbed ions and solvent molecules, which screens 
the interaction between the electrode and the particles. In the second step, the 
electrical field existing at the interface helps to uncover the particles, producing a 
stronger field assisted adsorption. An analogy exists between the two stages of 
particle adsorption and the adsorption of ions in the iuner and outer Helmholtz planes 
of the electrode. Guglielmi verified his model for the co-deposition of titania and 
silicon carbide with nickel from a nickel sulfamate bath. Also, Celis and Roos 
validated the above mechanism for the co-deposition of alumina and copper from an 
acidified copper plating bath [42]. 
More recently, Celis et al. proposed a new model, based on a statistical approach. 
Two systems were considered; CuJAh03 from an acidic sulphate bath and AuJAh03 
from an additive free potassium cyanide bath [43]. The general applicability of 
Guglielmi's model, which does not predict the effect of parameters such as the 
hydrodynamics, the effect of particle size, type, and pre-treatment, the effect of the 
bath constituents, pH, and temperature, is considered. Foster and Kariapper proposed 
a mathematical expression that could describe the effect of hydrodynamics [44]. A 
number of the parameters incorporated in the formulas of Gugliehni and Foster et al. 
cannot be evaluated but the model from Celis et al. contains measurable parameters so 
that the prediction of the amount of co-deposited particles becomes more feasible. The 
basis of this more recent model is: (1) the adsorption of a layer of ionic species around 
the inert particles at the time the particles are added to the plating solution or during 
the pre-treatment of these particles in ionic solution; (2) the replacement of some of 
these adsorbed ionic species, which is required for the incorporation of particles into 
the metal matrix. In effect, a particle must proceed through 5 stages to get from bulk 
solution to the site of incorporation, Fig. 1.3 [43]. 
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Figure 1.3. Five stages in the co-deposition ofa particle [43). 
These stages are: 
1) adsorption of ionic species onto the particle surface 
2) movement of the particle, by forced convection, towards the hydrodynamic 
boundary layer, ~, at the cathode 
3) diffusion of the particle through the diffuse double layer, 0 
4) adsorption of the particle at the cathode surface 
5) replacement of some of the adsorbed ionic cloud, the particle becomes 
irreversibly incorporated into the metal matrix 
Overall, the model can be summarised as follows: a particle is only incorporated when 
a certain amount of the adsorbed ions are reduced. 
1.5.2. Metal/Carbon Nanofibre Composite Electrodeposition Processes 
It has been found that the co-deposition of conducting particles can prove 
problematic. Bazzard and Boden studied nickeVchromium composite 
electrodeposition and discovered that the deposits suffered from severe dendritic 
growths, chromium particles were used as the second phase [45]. Stankovic and Gojo 
observed that since graphite is conductive, these particles in contact with the current 
feeder (cathode) are polarised and deposition occurs onto the particles as well as onto 
the cathode [46]. The incorporating particle provides a raised spot on the coating but 
since the particle is conducting it provides an area of localised high current density, 
Fig. lA. 
I3 
Figure 1.4. Surface profile of composites containing conducting. top, and non-conducting particles, 
bottom [47]. 
Fransaer et al. highlighted two significant problems that hamper the development of 
composite plating with nano-sized particles [48]. In aqueous plating electrolytes, 
particles easily agglomerate due to the compression of the diffuse double layer 
surrounding the particles by high ionic strength. This effect is more pronounced for 
particles of submicron size as the shearing forces on the agglomerates, created by the 
agitation of the plating bath decreases with particle size. The result is the co-
deposition of agglomerates and the anticipated mechanical, chemical and/or physical 
properties are not reached. Secondly, the co-deposition of particles decreases with 
particle size. The volume percent of co-deposited particles in aqueous electrolytes 
drops from 5 - 15 vol. % for micron sized particles to 0.1 vol. % or less for submicron 
sized particles. 
Composite eIectrodeposition techniques were used by Arai and Endo to produce 
CNF/copper composites [49]. Motivation for their work included the fact that high 
temperature processes are required when melting metals to produce carbon 
filler/metal composites. These melting points are usually higher that the oxidation 
point of the carbon material. Also, suppressing the formation of metal carbide at the 
interface is important, since it could degrade the performance of the resultant 
composite. Therefore, attempts were made to develop a low temperature composite 
formation method. The images in Fig. 1.5 show SEMs of the surface of a CU/CNF 
film electrodeposited from a Cu/sulphuric acid bath (containing the dispersant, 
polyacrylic acid and CNF) at 25°C. 
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Figure 1.5. SEM of the CNF/Cu composite electrodeposit formed from a Cu/suIphuric acid bath 
(coutaining the dispersant, PA (polyacrylic acid), and 2 g!L CNF) at 5 A/dm2, 25 ·C. Three different 
magnifications are shown [49). 
CNF/Cu powder composites were prepared by electrodeposition from the same bath 
as detailed in Fig. 1.5. The CNFs were tightly incorporated into the deposited Cu as 
spiky structures surrounding individual Cu grains. The resulting composite could 
easily be separated from the electrode by ultrasonication to give a powdered CNF/Cu 
composite, Fig. 1.6 [50]. 
Figure 1.6. SEM images showing the growth ofCNF/Cu composite particles at 15 C/cm2 [50). 
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In addition, Arai et aI. electrodeposited Ni-deposited MWNT. Once again poly acrylic 
acid was used to disperse the MWNT in the plating bath, a "dull Watt's" type bath 
[51]. 
Chen et aI. produced CNTINi composite coatings from a conventional nickel plating 
bath [52]. Acid treated CNTs were utilised. The CNTs were ball milled, which 
shortened them, and ultrasonic agitation was used for their dispersion in the nickel 
bath. Sediment electrodeposition was used to form the composite coating. The. co-
deposit was found to depend on the CNT length, cathodic current density, and 
agitation rate. CNTs are a low density material, which agglomerate easily in solution. 
At low CNT concentration in the plating bath, the CNT content in the deposit is low. 
However, for high CNT concentrations the content of CNTs in the deposit decreases 
gradually. This is caused by the agglomeration of CNTs in the plating bath at higher 
concentrations. 
Another study considered the tribological behaviour of CNT reinforced nickel matrix 
composite coatings. In this study ultrasound agitation and sedimentation 
electrodeposition were employed [53]. In a further investigation Chen et aI. 
investigated the corrosion behaviour of CNTINi composite coatings produced by 
sediment electrodeposition [54]. A cationic surfactant was used to improve the 
hydrophilic nature of the CNTs. Ultrasonic agitation was used to disperse the CNTs in 
the nickel sulphate bath. The incorporation of the CNTs significantly increased the 
corrosion resistance. This was due to the CNTs acting as a physical barrier to the 
corrosion process by filling in crevices, gaps, and micro holes on the surface of the 
nickel coating. The CNTs also make the corrosion potential of the composite coating 
more positive, restricting localised corrosion, resulting in mainly homogenous 
corrosion. 
Shi et al. produced Ni-P binary alloy deposits with both 5 wt. % ultrafine diamond (5 
- 10 nm) and 0.5 wt. % CNT, these were ultrasonically dispersed with the help of 
surfactants [55]. The Ni-P-CNT resulted in a clearly rougher surface. The objective of 
the study was to investigate the properties of these composites for electrolytic 
hydrogen evolution in alkaline and acidic environments. The Ni-P-CNT composite 
performed with the highest catalytic activity. 
16 
1.6. Electrochemical Techniques 
1.6.1. Equilibrium Techniques 
The investigation of equilibrium electrode processes is perfonned using a two-
electrode set-up, i.e., a working electrode, where the reaction of interest occurs, and a 
reference electrode, which provides a stable and fixed potential so that the potential at 
the working electrode is precisely defined. Ifno current is drawn through the cell then 
the potential, E, rapidly reaches a steady state value corresponding to equilibrium. For 
the general charge transfer reaction 
(1.1) 
n electrons are transferred. Nernst showed that the potential established at the 
electrode under equilibrium conditions is given by 
E = EO + RT In [0] 
e nF [R] (1.2) 
where the equilibrium potential, Ee (V), of the electrode results from the standard 
electrode potential, EO (V), of the reaction and the activities of 0 and R at the 
electrode surface, which are the same as their bulk solution activities under 
equilibrium conditions. R is the gas constant, J K! mor!; Tis the temperature, K; and 
F is the Faraday constant, F mor!. 
1.6.2. Steady State Techniques 
Electrochemical measurements, which give data independent of time, are 'steady 
state' techniques. The basic dynamic electrochemical experiment approaching steady 
state is to use a three-electrode cell and to step to a fixed voltage between the working 
and reference electrodes. When a steady state has been reached the current is 
measured. Alternatively a constant current is sent through the cell and the voltage 
between the WE and RE is measured. The results are usually plotted as current versus 
voltage plots or as Tafel plots. For an electrochemical system to reach a steady state, 
microdisc electrodes or an agitated solution (rotating disc voltanunetry, 
sonovoltanunetry), are required. 
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1.6.3. Transient Techniques 
1.6.3.1. Linear Sweep Voltammetry 
With transient methods a third variable, time, is introduced. In voltammetric methods 
the voltage is changed and the current is measured with time. In chronopotentiometry 
the current is changed and the voltage measured with time. 
Linear sweep voltammetry (LSV), which is closely related to cyclic voltammetry, is 
relatively easy to perform, and rapidly provides both complex and useful information 
about the system under investigation. The experiment is conducted in stationary 
solution and relies only on diffusion to transport material to the electrode surface. The 
mass transport of species A to the electrode can be predicted using Fick's laws 
J =-D o[A] 
d A ox (1.3 (a» 
(1.3 (b» 
Jd is the diffusional flux, the number of moles of material diffusing through a unit of 
area in one second, mol m·2 S·I; DA is the diffusion coefficient of species A, m2 S·I; [A] 
is the concentration of A, and x is the distance from the electrode surface. The 
potential of the working electrode is swept from a value Eh where A cannot undergo 
reduction, to a potential E2, where electron transfer is driven rapidly. The applied 
potential, E, is a function of the speed at which the potential is swept, Vs (If S·I), and 
the time of the sweep, t (s) 
E(t) = El - vst (1.4) 
Fig. 1.7 shows the potential sweep and the corresponding current response for a 
reduction process A + e' ~ B. 
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Figure 1.7. The potential sweep, (a), and the corresponding current response, (b), for an irreversible 
electron transfer reaction [56]. 
The AIB couple has irreversible electrode kinetics, i.e., the standard rate constant, ~, 
is relatively slow compared to")diffusion, kO < ~ FvD • Initially, at positive potentials 
RT 
no current, i (A), passes, since the applied potential is insufficient to induce 
significant electron transfer. As the potential is swept to more reducing values, it 
reaches a point where it is capable of inducing the reduction of A to B at the 
electrode, and current is passed. As E is made more negative, the electrochemical rate 
constant, k"d = kO exp( - anF~~ - Ee)), for the reduction of A increases, and initially 
the current rises exponentially with potential, or time; a (dimensionless) is the transfer 
coefficient. As more negative potentials are applied the increase becomes less than 
exponential and eventually a maximum is reached, after which the current falls off. 
The maximum in the current/voltage curve reflects a balance between an increasing 
heterogeneous rate constant and a decrease in surface concentration. The maximum 
current is known as the peak current, ip • The peak currents in amperes for reversible 
and irreversible electron transfer are given by the Randles Sevcik equation, Eqs. (1.5 
(a)) and (1.5 (b)), respectively. 
(1.5 (a)) 
(1.5 (b)) 
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In these expressions, n is the number of electrons appearing in the half reaction for the 
redox couple; A is the electrode area, m2; DA is the diffusion coefficient, m2 S·I; v is 
the rate at which the potential is scanned, Y S·I; [A]o is the concentration of A in the 
bulk solution, mol m·3; and the numerical constant (assuming ex = 0.5) has the units C 
morl y. I12• It can be seen that ip varies with the square root of the sweep rate. Once 
the peak current is attained, the magnitude of the current flowing is simply controlled 
by the rate at which fresh A can diffuse to the electrode surface. The fall in current 
can be accounted for in terms ofEq. (1.3 (b» and a steadily increasing diffusion layer 
thickness resulting from progressive electrolysis ofthe solution. 
Reversible redox systems can only be observed if both oxidant and reductant are 
stable and the kinetics of the electron transport are fast, so that at all potentials and 
potential scan rates, the electron transfer process at the surface is in equilibrium (this 
is dependent on a comparison of the rates of the forward and back electron transfer 
reactions with the rate of diffusion of material to and from the surface) so that surface 
concentrations follow and may be calculated from the Nemst equation. For the 
reversible case, Ep is independent of sweep rate. 
The value of the half wave potential can be obtained from data under reversible 
conditions where the chemical reaction does not interfere (Le., at high sweep rates) 
when Ep and E1/2 are related by 
Ep =E1/2 -0.028/n (1.6) 
at 25 QC [57]. The half peak potential Epl2, the potential at 1/2 ip, is also related to Ep 
IEp - Epl21 = 2.2RT /nF =0.0565/ n (1.7) 
If the difference between the peak potential and half peak potential is a multiple of 
56.5 mY then the number of electrons can be determined, Eq. (1.7). 
Fig. 1.8 (a) shows a voltarnmogram for the case where the NB couple now has 
reversible kinetics, compared in the diagram to (b), the irreversible case. 
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Figure 1.S. Linear sweep voltarnrnogram of a reversible electron transfer, (a), and an irreversible 
electrode reaction, (b). 
In the reversible case, appreciable current flows when the electrode reaches a potential 
more negative than E .. which is consistent with the half wave potential, E1/2. As soon 
as the reduction becomes thermodynamicaIly viable it takes place as a result of the 
rapid electrode kinetics implicit for a reversible couple. No current flows in the 
irreversible case until the potential is considerably more negative than Ee. 
Two other points to note when comparing the reversible and irreversible cases are: 
1) In the reversible case, the peak potential, Ep, is constant and independent of 
sweep rate, whereas for the irreversible case Ep shifts to more negative 
potentials at faster sweep rates. 
2) The peak current is larger for a reversible couple than for an irreversible 
couple for the same voltage sweep rate. 
These differences reflect the contrasting electrode kinetics of the two systems. For 
both reversible and irreversible systems, ip is directly proportional to the concentration 
of A and increases with voltage sweep rate. 
1.6.3.2. Cyclic Voltammetry (CV) 
Cyclic linear sweep voltanunetry, CV, consists of LSV in two directions. Once the 
potential has been swept to the highest value the potential is reduced, at the same 
sweep rate, to the original value. It is conventional to show current as a function of 
voltage, Fig. 1.9. 
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Figure 1.9. Cyclic voltammogram for a reversible electron transfer reaction. 
The voltage and current are shown with respect to time in Fig. 1.1 O. 
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Figure 1.10. Voltage and current changes during cyclic voltammetry. 
The. forward sweep of the cyclic voitammogram is identical to the LSV, but, on 
reaching E2 the potential is swept back, oxidising species B, formed on the electrode 
during the forward scan, to species A. When all of B present in the diffusion layer is 
converted back to A, the current drops to zero. The peak potential and the peak size 
seen on the reverse scan again reflect the reversibility of the AIB couple. In the case 
of Fig. 1.9, the heights of the forward and reverse peaks are of the same magnitude 
and are separated by a potential of 56 m V approx. (at 298 K), which is independent of 
scan rate. If n electrons are transferred in a reversible electrode process the separation 
is 
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IE OX _E"dl=2.218RT P P nF (1.8) 
1.6.4. Sonoelectrocbemistry 
Sonoelectrochemistry is concerned with the coupling of power ultrasound to 
electrochemical systems [58]. Sonoelectrochemistry can be compared to other 
synergistic approaches in which two independent energy or activation sources are 
coupled. It has emerged over recent years as a powerful tool for both electroanalytical 
[59] and electrosynthetic [60] processes. Ultrasound emitted from a horn transducer 
and directly applied to the working electrode in an electrochemical cell has a major 
effect on the redox process, predominantly due to (i) very fast mass transport 
conditions induced by macro- and micro-streaming events [61], (ii) in situ cleaning of 
interfaces (removal of gas bubbles and weakly adsorbed materials) [62], (iii) in situ 
emulsification of two phase systems [63], and (iv) chemical effects due to cavitation 
[64]. A schematic representation of the ultrasonically induced cavitation process at 
interfaces is shown in Fig. 1.11. 
Figure 1.11. Schematic of the collapse ofa cavitational bubble [65]. 
Microjets, resulting from cavitational bubble collapse, propel fresh analyte to the 
electrode surface, dramatically increasing the current. Bombardment of the electrode 
surface by these jets can aid retention of electrode activity in highly fouling media. 
It is well known that ultrasound causes considerable mass transport enhancement, not 
only at flat interfaces, but also at porous interfaces, e.g., during leather dyeing 
processes [66]. The quantitative comparison between ultrasound induced mass 
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transport effects at flat and at porous interfaces is a complex task. However, some 
mechanistic insights are possible, when the mass transport is detected 
electrochemically, in the form of a current at flat and porous electrodes. This wiJI be 
demonstrated in the current study for electrochemical processes at CNF electrodes. 
1.7. Metal Electrodeposition Processes 
Firstly, the general principles of metal electrodeposition processes are described. 
Conventional metal electrodeposition processes are contrasted with pulse plating 
methods. Subsequently, the benefits of pulse plating and its physical principles are 
discussed. 
1.7.1. Conventional Metal Electrodeposition Processes 
The electrodeposition of metals involves the reduction of metal ions from aqueous, 
organic, or fused salt electrolytes. The reaction, in aqueous media, occurring at the 
cathode is as follows, Fig. 1.12, 
(1.9) 
with a corresponding anodic reaction. 
anode" V cathode 
Figure 1.12. Schematic of an electrolytic cell, where metal M from a metal salt solution plates onto the 
cathode. 
The anode material is either the metal being deposited, in which case the electrode 
reaction is anodic dissolution, or it can be an inert material, usually producing oxygen 
by the electrolytic decomposition of water. The anode reaction can involve oxygen or 
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carbon dioxide evolution. In electrodeposition, electrons are supplied by an external 
power source. The following equation gives the charge required to reduce m moles of 
metal 
Q=mnN,Q. (1.10) 
Q is the total cathodic charge used in the deposition, n is the charge on the metal ion, 
N. is Avogadro's number, and Qe is the charge per electron. N.Qe is the Faraday 
constant, F, so substitution and rearrangement gives the number of moles reduced by a 
charge, Q, 
m=JI 
nF (1.11) 
If the deposition current is held constant then the total charge used in the deposition, 
Q, is the product of the current and the time of deposition. If the current varies during 
the deposition then 
Q = fIdt 
and the number of moles deposited is 
m=_l fIdt 
nF 
(1.12) 
(1.13) 
The weight of the deposit, W, can be obtained by mUltiplying Eq. (1.13) by the atomic 
weight of the metal, Mw. The thickness can be calculated using the density of the 
metal,D, 
W W D=-=-
V AT 
(1.14) 
with D in glcm3; volume of deposited metal, V, cm3; the area of the deposit, A, cm2; 
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and thickness, T, cm. Using Eqs. (1.13) and (1.14) and solving for T gives 
T=~= Mw fIdt 
AD nFAD 
(1.15) 
As mentioned above, at constant current the integral becomes It. 
1.7.2. Pulse Plating 
Pulse plating is a method of depositing metal on a substrate using interrupted direct 
current, DC. This method favours the initiation of grain nuclei and increases the 
number of grains per unit area. The result is a finer grained deposit with improved 
properties, compared to conventionally plated coatings [67]. 
In electrolysis, the rate of reaction can be controlled easily by using a particular 
current density or potential. Pulse plating takes full advantage of the fact that current 
or potential can be applied asvirtua1ly any function of time. A number of variations 
are used, some of which are shown schematically in Fig. 1.13. 
UNIPOLAR 
Pulse Duplex Pulse 
T! T2 
TOn(2) Toff(2) 
Ton(!) T off(!) ... .1 
o j""t'" 
BIPOLAR 
Pulse Reverse Pulse Reverse (with off time) 
Ton(,) Ton(,) T on(,) TOn(.) T off(,) Toff(.) 
I I I ..................... ~ 
0-
Figure 1.13. Examples of square wave modulated current systems, with subscripts (a) and (b) denoting 
anodic and cathodic current, respectively [67]. 
Typical waveforms include a cathodic pulse followed by off-time and/or an anodic 
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pulse, galvanostatic or potentiostatic pulses, etc. The technique has two main limiting 
factors: electrical double layer charging at the metal/electrolyte interface and mass 
transport considerations: 
(1) Capacitance Effects 
The electrical double layer at the electrode/solution interface can be approximated to a 
plate capacitor with an interplate distance of a few Angstroms and therefore with a 
high capacitance. Charge is supplied to the double layer, which raises its potential to 
the value required for metal deposition at a rate corresponding to the applied pulse 
current, supplied by the generator. The electrode behaves as a capacitor with a parallel 
resistance, Fig 1.14, the resistance being a function of current density. 
C 
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Figure 1.14. Equivalent circuit of the electrode/electrolyte interface. 
Double layer charging (through a further external resistor) requires a certain time, 
which is dependent on, amongst other parameters, current density. The charging time 
needs to be much shorter than the pulse duration to avoid distortion of the current 
pulse. Also, the time required for the discharge of the double layer should be much 
shorter than the off-time between pulses. The current required, at the beginning of the 
pulse, for double layer charging is not lost for metal deposition: the charge is 
recovered at the end of the pulse while the capacitor is discharging. If the pulses are at 
a frequency where capacitive effects are relevant, current efficiency is not affected 
significantly, but the amplitude of the pulse is affected, and therefore the energy of the 
deposition reaction. 
(2) Mass Transport 
Mass transport effects arise with the depletion of cations from the diffusion layer. 
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Two cathodic diffusion layers occur in pulse plating with short pulse durations. A 
pulsating diffusion layer exists close to the cathode, Fig. 1.15. 
8. 
Cl 
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Figure 1.15. Concentration profiles of the two diffusion layers existing at the end of a pulse. c is 
concentration, x is distance from the electrode, 0. is the pulsating diffusion layer thickness, 0, is the 
stationary diffusion layer thickness [67]. 
In the immediate vicinity of the cathode, the concentration pulsates with the frequency 
of the pulsating current, decreasing during the pulses and relaxing in the interval 
between pulses. A short pulse duration means that the diffusion layer does not extend 
into the region where convection controls mass transport. Therefore, the metal 
deposited during the pulse is transported by diffusion, so a concentration gradient also 
builds up into the bulk of the electrolyte. The thickness of this diffusion layer 
essentially corresponds to that which would be established under the same 
hydrodynamic conditions (diffusion and convection) in DC electrolysis. During the 
off-time, cations are also supplied in the direction of the cathode through this outer 
diffusion layer, this supply allows the pulsating diffusion layer to relax during the off-
time. The outer diffusion layer is essentially stationary. The depletion of the cationic 
concentration in the pUlsating diffusion layer limits the pulse current density, and the 
depletion ofthe stationary diffusion layer limits the average current density. 
Pulse reverse is a common mode of current modulation. When the technique was first 
used, relatively long periods of forward and reverse cycles, longer than the on-time 
used in pulse plating, were used. This is also called periodic reverse. Pulse reverse is 
not restricted to shorter cycles and applies to periodic reverse also. The main purpose 
of inverting the current from cathodic to anodic during a short fraction of the total 
period is to remove metal preferentially from areas that tend to overplate during the 
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cathodic part of the cycle. It is possible to considerably retard dendrite fonnation or 
improve the electrodeposits thickness distribution over complicated shapes. Changes 
in the deposit structure can also be achieved due to the forced nucleation with each 
new cathodic pulse. 
Pulse reverse is usually carried out when the deposit is easily soluble in the 
electrolyte, otherwise passivation may occur. Pulse reverse can be very useful in 
equalising the electrodeposit thickness distribution. Areas exposed to concentrations 
of current density are preferentially plated in the cathodic cycle, and metal is 
preferentially removed in the anodic cycle. To maximise the benefits of pulse reverse, 
the cathodic and anodic current densities should be independently adjustable. This 
allows an increase in the dissolution rate of raised regions by applying very high 
anodic current densities for short durations. Obviously, the net charge must be 
cathodic. 
Kollia et al. investigated the influence of pulse reversed current on the crystal 
orientation and surface morphology of nickel electrodeposits [68]. They found that the 
reversed current technique exerts an effect analogous to that of organic additives, 
without the associated fouling problems. At low frequencies, < 1 Hz, colloidal nickel 
hydroxide is precipitated during the dissolution time, which is adsorbed on the metal 
surface and inhibits the growth of crystallites. The result of this inhibition is the 
development of randomly oriented, microcrystalline, bright and smooth deposits. 
Electroplated zinc is widely used for corrosion protection, especially for iron base 
metals, but relatively little work has been done in the field of pulsed electrodeposition. 
The main reason for this is that the most important advantage of pulse plating, the 
reduced amount of metal required due to a reduction in the layer thickness, is not 
particularly important for relatively cheap non noble metals. Pulsed current zinc 
electrodeposition has the advantage of producing a finer grain sized layer, resulting in 
a more homogeneous surface appearance. 
Zinc electrodes in storage batteries have the problem of the fonnation of dendritic 
deposits during the discharge and charging processes. For cycle life and efficiency, 
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good adherent deposits of high porosity are needed. Pulsed current electrodeposition 
has been used to produce porous zinc layers for battery operation using concentrated 
alkaline zincate solutions [69]. Also, Despic and Popov have shown that compact 
deposits can be achieved by pulse plating using the same average current density at 
which dendrites are formed under direct current electrodeposition conditions from an 
alkaline zincate bath [70]. Work was carried out using a three-component impulse 
current consisting of high cathode and low anode current pulses, followed by a break 
time [71]. An adherent deposit of about 50 % porosity was formed. It was proposed 
that the anodic current pulses result in the dissolution of raised regions in the 
deposited zinc, increasing the zincate concentration at the electrode surface. 
1.8. The Electrochemical Quartz Crystal Microbalance 
1.8.1. Introduction 
The electrochemical quartz crystal microbalance (EQCM) is comprised of a thin 
quartz crystal sandwiched between two metal electrodes; it resonates in a mechanical 
shear mode by applying an alternating high frequency electric field across the crystal, 
causing the vibrational motion of the crystal. It is a piezoelectric device capable of 
extremely sensitive mass measurements. Sauerbrey was the first to recognise that 
these devices could be used to measure mass changes at the crystal surface [72]. The 
mass sensitivity arises from a dependence of the oscillation frequency on the total 
mass of the crystal, its electrodes, and any material present at the electrode surface. It 
was thought that these crystals would not oscillate in liquids due to excessive energy 
loss to the solution as a result of viscous effects. In the early 1980s it was shown that 
the QCM could be used in a liquid environment for the determination of mass changes 
at the crystal surface [73, 74]. The QCM was first used in an electrochemical context 
by J ones and Meiure to monitor trace metal mass changes by electrodepositing the 
metal onto the QCM electrode and measuring the change in resonance frequency of 
the crystal in air following its removal from the cell [75, 76]. Nomura et al. developed 
the first in-situ application of the QCM to an electrochemical problem (EQCM). It 
was used to determine Cu(II) and Ag(I) by electrodeposition. In the EQCM one of the 
electrodes is used to provide the alternating electric field, which drives the oscillation 
of the crystal and as the working electrode in the electrochemical cell. The EQCM 
experiment involves the measurement of the potential, current, and charge at one of 
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the EQCM electrodes and the simultaneous measurement of the oscillation frequency 
of the piezoelectric crystal, which can indicate minute mass changes at the electrode. 
EQCM has been used to study monolayer and multilayer deposition and dissolution 
[77], mass transport in polymer films, corrosion processes, electroless deposition, and 
mass changes caused by protein adsorption at electrodes. 
1.8.2. The Piezoelectric Effect 
In 1880 Jacques and Pierre Curie discovered that a mechanical stress applied to the 
surface of various crystals, including quartz, gave a corresponding electrical potential 
across the crystal whose magnitude was proportional to the applied stress. This is 
referred to as the piezoelectric effect. The Curies also experimentally verified the 
converse piezoelectric effect in which a voltage applied across the crystal gives a 
corresponding mechanical strain, Fig. 1.16, this effect is the basis of the QCM . 
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Figure 1.16. Schematic of the converse piezoelectric effect for shear motion [78]. 
Fig. 1.16 illustrates the shear motion of an AT-cut quartz resonator, which consists of 
a thin quartz wafer prepared by slicing through a quartz rod at an angle of 
approximately 35° with respect to the x-axis. The electric field induces a reorientation 
of the dipoles of the material, resulting in lattice strain and shear deformation. The 
direction of the shear is dependent on the applied potential. The extent of the shear 
strain depends on the magnitude of the applied potential. In quartz the deformation is 
elastic. The opposite polarity produces an identical strain, but in the opposite 
direction. Fig. 1.17 shows a schematic representation of the transverse shear wave in a 
quartz crystal and a composite resonator comprised of a quartz crystal and a layer of 
foreign material. 
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Figure 1.17. Schematic of the transverse shear wave in a quartz crystal and a composite resonator 
comprised of a quartz crystal and a layer of foreign material. The acoustic wavelength is longer in the 
composite resonator due to the greater thickness, resulting in a lower resonant frequency compared to 
the quartz crystal [78]. 
The acoustic wavelength is longer in the composite resonator due to the increased 
thickness, resulting in a lower resonant frequency compared to the quartz crystal. 
1.8.3. Piezoelectric Crystals 
Most reported applications of the QCM use AT-cut alpha quartz crystals because of 
the superior mechanical and piezoelectric properties of the alpha quartz and because 
of the nearly zero temperature coefficients of the AT -cut crystals at one or two 
temperatures [79]. However, temperature effects for crystals immersed in liquids far 
outweigh the intrinsic temperature dependence of the crystals themselves and must be 
taken into account in most electrochemical applications. 
The thin, disk shaped transducers, typically used as QCM crystals oscillate in a pure 
shear mode when an alternating electric field of the appropriate frequency is applied 
across the disk, Le., the electric field lines are normal to the disk surface. A pure shear 
mode indicates that the motion of the disk surface is precisely parallel to the disk face. 
Typical EQCM frequencies are between 1 and 10 MHz. 
In addition to the thickness shear mode described above, other modes of vibration can 
also arise due to the applied electric field. While most other modes are only weakly 
coupled to the shear mode, the flexural modes are sometimes strongly coupled [80]. 
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When the frequencies of the flexural modes are near that of the shear mode, 
deviations in the resonant frequency can occur such that the response of the QCM to 
mass changes is no longer linear. This problem can be eliminated by the appropriate 
design of the crystal and electrodes. The unwanted modes can be suppressed by a 
number of methods, e.g., bevelling and contouring [81). Bevelling is part of the 
contouring of crystals but is important in its own right in the design of resonators for 
mode suppression. Typically, the edge of a circular crystal is bevelled. Initially, 
crystals were mounted at the bevelled edge to avoid disturbing the thickness-shear 
vibration but it was also shown that with circular disks spurious modes could be 
avoided, especially when bevelled. Bevelling spatially separates the flexural and 
thickness shear modes, consequently, reducing or eliminating any coupling between 
the two. Contoured crystals have been studied both theoretically and experimentally. 
The mode suppression arises because the thickness shear mode is confined to the 
central region and the flexural waves are concentrated at the edges. 
1.8.4. Sauerbrey Equation 
For shear mode oscillation, there are several frequencies that correspond to resonant 
conditions including the frequency of maximum displacement of the crystal surface 
(at a constant driving voltage). This condition corresponds to the establishment of a 
standing acoustic wave within the bulk of the crystal with a node existing in the centre 
of the disk and the antinodes at the two surfaces, Fig. 1.18, the acoustic wavelength is 
equal to 2t. [82]. 
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Figure 1.18. Edge view ofa QCM disk under shear deformation [82). 
When a uniform layer of a foreign material is added to the surface of the quartz 
crystal the acoustic wave will travel across the interface between the quartz and the 
layer, and will propagate through the foreign layer, Fig. 1.17. This assumes that 
particle displacement and shear stress are continuous across the interface. Assuming 
that the acoustic properties of the foreign layer and the quartz are identical then the 
system can be treated as a composite resonator. A fractional change in thickness, !!.t, 
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results in a fractional change in frequency. The resonant frequency can be related to 
the thickness of the crystal by the following equation 
(1.16) 
where Vq is the velocity of the acoustic wave in quartz,/o is the resonant frequency of 
the quartz prior to mass change, and Iq is the thickness. Using Eqs. (1.16) and (1.17), 
the Sauerbrey equation is obtained, Eq. (1.18). 
tifl fo =-Mllq =-2foMlv .. (1.17) 
(1.18) 
I::,.f is the frequency shift, /::,.m is the mass change, A is the piezoelectrically active 
area, Pq is the density of the quartz, and JJ. is the shear modulus of quartz. 
The dimensions of the electrodes and the crystal disk have a strong influence on the 
coupling of other modes to the thickness shear mode. This coupling represents a 
source of spurious frequency changes, which must be addressed. Many of the design 
criteria, which suppress these unwanted modes, are described by the frequency, 
amplitude, and the shape of the vibrations in the quartz crystal [81]. The critical 
dimensions are the thickness of the quartz disk, I., the diameter of the crystal, dc, 
and the diameter of the concentric electrode pad, de. With ~ > 50 and de> 18 
Iq Iq 
unwanted modes can be suppressed by 40 dB [81]. The values for the quartz crystals 
used are 76 and 30, respectively, satisfying the above conditions to allow the 
excitation of the thickness shear mode without significant coupling to other modes. 
Most QCM investigations assume ideal rigid behaviour, using the Sauerbrey equation 
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when interpreting frequency changes. The QCM measures frequency changes and not 
mass changes so there is the potential for interferences, which can result in non-ideal 
behaviour, defined as a lack of conformance with the Sauerbrey equation. 
A number of factors can lead to non-ideal behaviour. The investigation of redox 
polymer films is used to evaluate the equivalent mass changes in films during redox 
cycling, establishing the number of counterions and solvent molecules involved in the 
transport process. In the absence of impedance analysis, it is recommended that QCM 
measurements of polymer films be performed over a range of thicknesses. A linearity 
of response can generally be taken as evidence of rigid film behaviour and/or the 
absence of changes in the viscoelesticity of the film. High mass loadings reduce the 
sensitivity of the QCM; this effect can be understood readily by inspection of the 
Sauerbrey equation. 
The microscopic roughness of the QCM electrode can play an important role in the 
behaviour of the QCM in liquid media. Trapped liquid in surface cavities results in an 
additional mass component, the magnitude of which depends on the amount of 
trapped liquid and the size of the cavities. The effect has been seen for Au oxidation 
in neutral and basic media, the observed frequency change during oxidation was 
significantly larger than expected from oxide formation [83]. This was attributed to 
water trapped in surface cavities formed during oxidation. 80 % of the observed 
frequency shifts could be attributed to roughness effects. 
QCM experiments are usually preformed with one side of the AT-cut quartz crystal 
immersed under a column of liquid with the opposite side facing air. This results in a 
stress on the quartz crystal due to the hydrostatic pressure exerted by the column of 
liquid. The effect ofthis pressure has not been established, but it seems likely that it is 
not important since the pressure is generally constant throughout a typical experiment. 
The radial sensitivity of the QCM requires a uniform mass distribution if accurate 
measurements are to be made using the Sauerbrey equation. The film uniformity 
required is macroscopic. Actual electrode surfaces, including those with redox active 
films, are unlikely to possess truly uniform films. As long as the roughness is not 
longer than the acoustic wavelength or the non-uniformities are randomly distributed, 
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confonnance to the Sauerbrey equation can be expected and the average thickness 
will be measured. The electrochemical parameters and the frequency changes are 
related by 
N=106 MW CfQ 
nF 
(1.19) 
where MW is the apparent molar mass, g mori, Cl is the sensitivity factor for the 
crystal used. The charge is a measure of the total number of electrons involved in the 
redox process and so should be directly proportional to the frequency change, which 
is a measure of the total mass change. !:J.f is directly proportional to Q, plotting !:J.f 
vs. Q reveals the extent to which the above statement holds and should give the 
apparent molar mass of the depositing species. Deviations are caused by various 
effects, including deposit surface roughness, along with solvent, and/or supporting 
electrolyte incorporation. The current involved is the instantaneous rate of electron 
transfer at the interface. Therefore, it is related to the derivative of the frequency with 
respect to time (or potential in the case of a constant sweep rate cyclic voltarnmetry 
experiment) 
j = (d(!:J.f)1 dE) (10-6 n vF) I (MWCf ) 
v is the sweep rate, Vis; 10.6 is a unit conversion factor. 
1.9. Surface and Compositional Analysis Techniques 
1.9.1. Scanning Electron Microscopy 
(1.20) 
In a scanning electron microscope (SEM), a minute electron beam is scarmed across 
the sample. Simultaneously, the generated signals are being recorded, and an image is 
fonned pixel by pixel. In SEM, the signals are observed on the same specimen site as 
the incoming electron beam. In contrast to TEM methods needing very thin samples, 
compact samples can thus be investigated by SEM. Valuable infonnation about 
morphology, surface topology, and composition can be obtained. SEM microscopes 
achieving resolutions below I mn are now commonly available. 
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The SEM consists of an electron optical column, a vacuum system and control 
electronics [84]. The electron gun at the top of the colmnn produces an electron beam, 
which is focused into a fine spot on the sample, Fig. 1.19 [85]. 
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Figure 1.19. Schematic representation of a SEM [85]. 
The electron gun consists of a filament and Wehnelt cylinder (also known as a 
cathode-ray tube grid or shield; a cylindrically shaped electrode containing the 
cathode of a cathode-ray tube with opposite potential, which is designed to focus and 
control the electron beam). The illumination system consists of an electron gun, an 
anode, and condenser lenses. The fmallens focuses the beam onto the surface of the 
sample being studied. 
The electrons produced when the primary beam strikes the sample are detected and 
turned into an electrical signal. During electron bombardment a number of 
phenomena occur: 
1. emission of secondary electrons from the sample 
2. some primary electrons are reflected (backscattered electrons) 
3. electron adsorption by the sample 
4. X-ray emission from the sample 
5. occasional emission of photons from the sample 
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The above effects are interrelated and are dependent, to an extent, on topography, 
atomic number, and the chemical state of the sample. The number of backscattered, 
secondary, and absorbed electrons is mainly dependent on the topography of the 
sample. This is why these effects are used for surface imaging. 
When an electron beam hits matter, it begins to broaden because of strong elastic 
scattering effects. Simultaneously, inelastic interactions cause an energy loss of the 
electrons. If the sample is very thick, the energy will be completely transferred to the 
sample. The overall result is a pear-shaped interaction volume, Fig. 1.20 [85]. 
Auger Incident Secondary 
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Figure 1.20. Interaction between incident electrons and specimen [85). 
The penetration depth depends on the electron energy (t - V) and on the material (t-
lIatomic mass). 
The three main signals measured by SEM, which provide different information about 
the sample, are secondary electrons, back-scattered electrons and X-ray emissions: 
Secondary Electrons: Since electrons in the conduction or valence band only need a 
small amount of energy (work function) to be transferred into vacuum, the energy of 
the secondary electrons (SE) is low (> 50 eV). Because of their low energy, SEs can 
only escape from the sample if they are generated close to the surface. Therefore, SE 
images are a means to obtaining topographic images. 
Back-scattered Electrons: The collision of an electron from the beam with a nucleus 
leads to the deflection of its path as a result of Coulombic forces (Rutherford elastic 
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scattering). Sometimes, the electrons are completely back-scattered and leave the 
surface of the sample, Fig. 1.21. 
Incident electrons 
scattered electrons 
Figure 1.21. Possible path of an incident electron through an atom [85). 
Since heavy atoms with a high atomic number are stronger scatterers than light ones, 
they cause a larger signal. Therefore, images with back-scattered electrons contain 
compositional information. 
FEGSEM: In the case of the Field Emission Gun SEM, electrons are pulled out of a 
very fme pointed tungsten tip by a very high electric field. Electron densities up to 
1000 times those from conventional tungsten emitters can be obtained with the FEG. 
The increased electron density permits a reduction in beam diameter, which results in 
better resolution. 
The instrument used to record the images obtained for this report was a Leo 1530VP 
field emission SEM (FEGSEM) capable of nanometre-scale resolution and equipped 
with a variable pressure facility and EDAXfTSL Pegasus system, allowing 
simultaneous electron backscattering diffiaction and energy-dispersive X-ray analysis. 
1.9.2. Energy Dispersive X-ray Spectrometry 
Energy dispersive X-ray (EDX) spectrometers can be installed within an SEM, 
providing laterally resolved information about sample composition. The electrons 
bombarding the sample cause it to emit X-rays (outer to inner orbital transitions) 
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whose energy is determined by the elemental composition. It is possible to detect 
minute quantities of an element, down to the picogram level. Spectra are acquired, 
showing distinctive peaks for the elements present and the peak height indicates the 
concentration of the element. 
1.9.3. Auger Electron Spectroscopy 
Auger electron spectroscopy (AES) uses an electron beam, the energy and wavelength 
of which can be adjusted by changing the potential within the electron gun, to probe 
the surface of a sample. The electron beam brings about a change in the electronic 
levels within the atoms of the sample. Core level electrons are ejected, leaving the 
atom in an excited state. To fill the vacancy, an electron from an outer shell moves in, 
releasing a photon of energy. In Auger processes, this energy is in turn transferred to 
an electron in the outer shell, which is ejected with a characteristic energy. The kinetic 
energy of the ejected Auger electron is related to the binding energy of the electrons 
in the three shells involved in the transition. 
Each element has a characteristic Auger electron spectrum corresponding to various 
preferred combinations of the contributing levels, and the compositional analysis is 
made by identifying peaks in the Auger electron spectrum. The Auger electron peaks 
are superimposed on a large background due to the different types of electrons 
involved. The Auger peaks are fairly sharp, and the background can be eliminated by 
plotting dN/dE (N is the number of Auger electrons) as a function of the electron 
energy, E. Correcting for the sensitivity of the detector and the probability of a 
particular transition, the area of the dN/dE peak can be related to the number of atoms 
in the sample. 
If the electron is scattered inelestically, during its passage through the sample, its 
kinetic energy, in vacuo, will differ from the characteristic Auger energy and will only 
contribute to a broad continuum on which the Auger electrons are superimposed. 
Therefore, AES is strictly a surface technique; atoms more than 20 A from the surface 
can contribute unscattered electrons. 
AES has a depth-profiling feature. The sample is etched with a beam of high-energy 
ions, e.g., Ar+. The spectrum is recorded after the period of etching. Potential 
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problems are the homogenisation of the sample by the high-energy ion beam and 
differential sputtering, which involves the removal of one component at a faster rate 
than another. The instrument used was a JEOL 7100 Auger electron spectrometer. 
The instrument allows elemental analyses to be made on most surfaces with a spatial 
resolution of 50 mn. By removing surface material using ion beam sputtering, bulk 
analyses can also be made. 
1.9.4. Fourier Transform Infrared Spectroscopy 
Infrared spectroscopy concerns the interaction of molecules with infrared energy. The 
infrared region of the electromagnetic spectrum ranges from 104 _10.2 cm. Fourier 
transform infrared spectroscopy is a measurement technique whereby spectra are 
collected based on measurements of the temporal coherence of a radiative source, 
using time-domain measurements of the electromagnetic radiation. There are several 
methods for measuring the temporal coherence of the light, including the Fourier 
transform spectrometer. 
The absorption spectra achieved result from irradiating the sample with energy of 
many different wavelengths and seeing which wavelengths are absorbed and which 
pass through. Molecules are in constant motion with the bonds vibrating, rotating, and 
bending. When a molecule absorbs infrared radiation these molecular motions 
increase in intensity. Since each radiation frequency corresponds to a specific motion, 
therefore, the infrared spectrum shows the kinds of molecular motions the sample has 
[86]. 
1.9.5. X-ray Photoelectron Spectroscopy 
X-ray Photoelectron Spectroscopy (XPS) is a quantitative spectroscopic technique 
that measures the empirical formula, chemical state, and electronic state of the 
elements that exist within a material [87]. XPS spectra are obtained by irradiating a 
material with a beam of X-rays, while simultaneously measuring the kinetic energy 
and number of electrons that escape from the top 1 to 10 mn of the material being 
analyzed. XPS requires ultra-high vacuum (UHV) conditions. 
A typical XPS spectrum is a plot of the number of electrons detected versus the 
binding energy of those electrons. Each element produces a characteristic set of XPS 
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peaks at specific binding energy values that directly identify each element that exists 
in or on the surface of the material being analyzed. These characteristic peaks 
correspond to the electron configuration of the electrons within the atoms, e.g., Is, 2s, 
2p, 3s, etc. The number of electrons detected in each of the characteristic peaks is 
directly related to the amount of element within the area (volume) irradiated. To 
generate atomic percentage values, each raw XPS signal must be corrected by 
dividing its signal intensity (number of electrons detected) by a "relative sensitivity 
factor" and normalized over all of the elements detected. 
1.9.6. Raman Spectroscopy 
When light is scattered from a molecule most photons are elastically scattered. The 
scattered photons have the same energy (frequency) and, therefore, wavelength, as the 
incident photons. However, a small fraction oflight (approximately 1 in 107 photons) 
is scattered at optical frequencies different from, and usually lower than, the 
frequency of the incident photons leading to Stokes radiation [88]. Other photons 
collect energy from excited molecules emerging with higher energy; termed anti-
Stokes radiation. The process leading to this inelastic scattering is termed the Raman 
effect. Raman scattering can occur with a change in vibrational, rotational or 
electronic energy of a molecule. The vibrational Raman effect is of most significance . 
. The difference in energy between the incident photon and the Raman scattered photon 
is equal to the energy of a vibration of the scattering molecule. A plot of intensity of 
scattered light versus energy difference is a Raman spectrum. 
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Carbon N anofibre Synthesis and Electrochemistry . 
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2.1. Introduction 
Carbon nanofibres and nanotubes have a considerable impact on science and 
technology and offer a new type of conducting carbon for electrochemical 
technologies. The combination of high surface area and good electrical conductivity is 
crucial in many areas of electrode performance and energy storage systems. The 
mesoporous character of the carbon nanomaterials plays a dominant role in their 
electrochemical properties [I]. Compared to conventional carbon materials, carbon 
nanotubes have a higher rate of electron transfer. Their tangled network and central 
canal are at the origin of pseudo capacitive effects, allowing easy access of the ions to 
the electrode/electrolyte interface. 
Porous carbons, e.g., activated carbon, are used as electrodes in supercapacitors, 
whose performance is judged in terms of their energy density, which is proportional to 
the surface area per unit volume of carbon [2]. CNTs are a possible replacement due 
to their large and controllable surface area and their unique network of pores, as 
mentioned above [1]. 
Porous carbon electrodes are used in Li batteries. CNF are now being used to increase 
the conductivity and thus improve the power density of the battery. Endo et al. 
described the basic properties and applications of vapour grown carbon fibres to 
batteries [3]. Their use as a filler in the electrode of a lead-acid battery and a Li-ion 
battery system exploits properties, such as their relatively high mechanical strength 
and electrical conductivity, including their network-like morphology, improving the 
performance of the electrodes in these battery systems, especially their cycle 
characteristics. In addition, the small diameter of the fibres makes it possible to 
homogeneously distribute them in the electrode material introducing a larger surface 
area for reaction. The electrode exhibits high endurance due to the presence of the 
carbon nanofibres, which absorb stresses caused by the intercalation of Li+ ions. 
A multiwa1led carbon nanotube chitosan-modified glassy carbon electrode has been 
shown to be capable of highly sensitive cathodic stripping voltammetric 
measurements for bromide [4]. It was found that, at low pH, the amino groups on 
chitosan and the hydroxyl groups on the MWNT were protonated thus promoting an 
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interaction between these protonated groups and the Br" ions in solution, aided by the 
porous meshy structure of the MWNT, leading to the enhanced voltammetric response 
observed. 
Aligned MWNT grown on a platinum substrate have been used for the development 
of an amperometric biosensor [5]. The opening and functionalisation of the nanotube 
array allowed for the efficient immobilisation of the enzyme. The carboxylated open 
ends of the nanotubes immobilised the enzyme, while the platinum substrate provided 
the direct transduction platform for signal monitoring, as mentioned in Chap. 1. 
Hofmann et al. have reported low temperature growth of CNT and CNF on plastic, 
using plasma enhanced CVD [6]. It has also been shown that the catalyst can be 
delivered to the surface as an organo-meta1lic precursor liquid [7], allowing for the 
opportunity to grow CNT onto complex shapes, polymers, and in printable patterns. It 
could be possible to grow CNTs as an electrode material on polymer membranes for 
fuel cells [8]. 
MWNT are also of interest in terms of their use as an electrocatalyst support in direct 
methanol fuel cells. The use of composite electrodes, made by the direct growth of 
MWNT on carbon backing paper and the subsequent deposition of platinum particles, 
suitable for electrocatalysis has been investigated [9]. It was found that highly 
dispersed and very small Pt particles were successfully deposited on the MWNTs 
grown on carbon paper, and cyclic voltammetry confirmed the electrical contact. 
The similarities to, and advantages, of edge plane pyrolytic graphite electrodes over 
MWNT modified electrodes in the areas of gas sensing, stripping voltammetry, and 
biosensing have been illustrated by Compton et al. [10]. 
In this thesis carbon nanofibre materials are employed as a relatively low costlhigh 
efficiency alternative to more structurally well-defined materials. 
In this chapter, the formation of carbon nanofibre materials in an ambient pressure 
chemical vapour phase deposition process is described. For many applications it is 
beneficial to employ solution deposition processes and therefore the solubilisation via 
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oxidation of carbon nanofibre materials is investigated. Aqueous solutions are 
obtained for later use in metal codeposition processes. Next, the characterisation of 
both the as grown and oxidised nanofibre materials is described. 
Electrochemical processes at carbon nanofibre materials, produced by the direct 
growth of carbon nanofibres onto a suitable ceramic, are discussed. Redox systems 
are studied diffusing into and through the porous carbon nanofibre material and 
adsorbing onto the carbon nanofibre surface. 
2.2. Experimental 
2.2.1. Chemicals 
FeCh, Ru(NH3)6Ch, hydroquinone, H3P04 (85 wt.-%), NaOH, KCl, KOH, and 
HCl04 (Aldrich); phenol (BDH); ethanol (Fisons); and RN03 (70 %) (Fisher) were 
obtained commercially and used without further purification. For the chemical vapour 
deposition (CVD) synthesis of carbon nanofibres ethylene, hydrogen, and argon (all 
BOC) were used. Demineralised and filtered water was taken from an ELGA (ELGA, 
Bucks, UK) water purification system with a resistivity of not less than 18 MO cm. 
2.2.2. Instrumentation 
The carbon nanofibres were grown in an Elite tube furnace, model TSH 12/65/550. 
VoItammetry experiments were performed with an Autolab PGSTAT20 system, Eco 
Chemie, Netherlands. Field emission gun scanning electron microscopy (FEGSEM) 
images were obtained on a Leo 1530VP Field Emission Gun SEM system. Samples 
were gold coated (ca. 3 nm) in a sputter coating unit prior to imaging, as necessary. 
Transmission Electron Microscopy images were obtained on a Jeol 100CX TEM 
system operating at 100 kV, or a Jeol 2000FX operating at 200 kV. XPS data were 
obtained with an 8.5 kV X-ray source. Diffuse Reflectance Infrared Fourier 
Transform Spectroscopy, DRIFTS, experiments were carried out using a Nicolet 20 
DXC FTIR spectrometer with a DRIFTS attachment. RAMAN spectra were run on a 
standard LabRAM 300 system, configured with a 532 nm excitation laser. 
Power ultrasound was introduced into the electrochemical cell using an ultrasound 
processor (Hielscher UP 200G, 24 kHz, maximum output power approximately 8 W 
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cm-2 based on a calorimetric calibration [11]) fitted with a 13 mm diameter glass horn-
The cell used for standard electrochemical experiments is shown in Fig. 2.1, with a 
saturated calomel reference electrode (SCE, Radiometer) and a platinum gauze 
counter electrode (2 cm x 2 cm). Prior to voltammetric experiments the solutions were 
de-aerated with argon (BOC). Experiments were generally conducted at a temperature 
of22 +1- 2°C. Variations are noted in the appropriate sections. 
Argon 
w R 
Thermometer"--'''>\\''"I c 
Figure 2.1. Standard e1ectrochemical cell, where R is a saturated calomel reference electrode (SCE), W 
is the working electrode, C is the counter electrode (Pt mesh), 
The working electrode was usually a 3 mm diameter glassy carbon disc electrode 
(BAS, polished on a polishing cloth with an aqueous slurry of 1 /lm Alz03, Kemet). 
For measurements with carbon nanofibre electrodes, a 4 or 7 mm diameter disc of the 
carbon nanofibre/ceramic composite material was attached to the glassy carbon 
electrode with a Lycra™ membrane [12]. Sonoelectrochemical experiments were 
carried out in a special sonoelectrochemical cell, Fig. 2.2, where the glass horn, 
delivering the power ultrasound, was placed opposite the working electrode. 
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Counter 
Electrode 
Figure 2.2. Schematic drawing ofthe sonoelectrochemical cell. 
2.3. Synthesis of Carbon Nanofibres (CNF) 
2.3.1. Catalyst Preparation 
A number of variations were considered in order to find a suitable, reproducible, 
method for carbon fibre growth. In general, an oxidised form of iron in 
nanoparticulate form is required as the precursor for the catalyst, which is formed 
during reduction with hydrogen. As a convenient starting point, the direct use of 
commercially available Fe(II)oxalate was investigated. It is thermally unstable and 
gives an oxide at elevated temperatures. The intermediate oxide is then reduced and 
the resulting iron particles act as the catalyst for carbon nanofibre growth. Fig. 2.3 
shows FEGSEM images ofthe carbon nanofibres grown via this approach. 
Figure 2.3. FEGSEM image of carbon nanofibres grown using Pe(II) oxalate as the catalyst precursor, 
(a) low magnification, (b) high magnification. 
Unfortunately, this rather simple process turned out to be of Iow efficiency, typically 
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growing 2 g carbon nanofibre for 1 g catalyst precursor, with large fluctuations in 
yield and quality. 
A better approach proved to be the preparation of Fe203 nanoparticles following 
Sorum's procedure [13, 14]. The basic method was as follows: 50 mL of 0.2 M FeCI) 
was added dropwise to 450 mL of boiling H20. The resulting solution was boiled for 
a further 5 min. The red solution was cooled and then dialyzed by pouring it into a 
dialysis membrane and immersing the tubing in a beaker of dilute HCl04, pH 3.5, 
which was replaced with fresh solution after 24 h. This process removed cr 
impurities from the colloidal iron oxide solution. The resulting dark orange sol of 
Fe203 (0.02 M in Fe) was stable and consisted ofnanoparticles of approximately 6 -
12 nm in diameter [15]. Fig. 2.4 shows a typical TEM image of the colloidal catalyst 
precursor solution prepared in this way. 
Figure 2.4. TEM ofFezO, catalyst nanoparticles, the particles are 6-12 run in diameter. 
The composition of the nanoparticles is best described as hydrous iron oxide [16] and 
is known to change slowly with time [17]. 
2.3.2. Bulk Synthesis of Carbon Nanofibres 
The carbon nanofibres were grown in a tube furnace, Fig. 2.5, following a literature 
procedure [18,19,20]. 
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Figure 2.5. Schematic diagram of the tube furnace. 
G~~tlet ( 
The furnace consists of a quartz tube surrounded by heating elements, which are 
controlled by a programmable panel on the front of the instrument. The required 
gases, AI, H2, and C2~, are supplied from cylinders connected via a gas flow system. 
The flow rates and pressures can be adjusted, as appropriate. The atmosphere is 
maintained by the insertion of glass stoppers into the reaction tube and by connecting 
a bubbler to the gas outlet. 
A catalyst particle bed was prepared by the evaporation of an appropriate amount of 
the Fe sol pre-catalyst solution (prepared as described in Section 2.3.1) into a 
combustion boat. Carbon nanofibres were grown from ethylene at 600 °C in contact 
with the iron catalyst formed by the reduction of the Fe203 precursor, following a 
known procedure [18, 19]. 
The nanofibre growth consists ofthe following steps: 
1) in air, ramp to 450 °C at a rate of600 °C/h and hold for 90 min., 
2) insert stoppers, flow AI at 1 bar at a rate of 200 ccm for 5 min. to remove air, 
3) turn on H2, also to I bar, flow at 50 ccm for 120 min. at 450 °C, 
4) the system then ramps to 600 °C, 
5) open ethylene cylinder to I bar, C2~ and H2 both flowing at a rate of250 ccm 
for 150 min., 
6) turn off gases, flush system with AI while cooling. 
The yield of carbon nanofibres obtained with this approach was typically 7 g CNF per 
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0. 1 g catalyst precursor. A typical FEGSEM image of the resulting carbon nanofibres 
is shown in Fig. 2.6. 
Figure 2.6. FEGSEM of as grown carbon nanofibres. 
2.3.3. Surface Synthesis of Carbon Nanofibres on Ceramic Substrates 
It is also possible to grow carbon nanofibres directly onto a so lid support, e.g., 
ceramic paper. [n this case, the catalyst for the carbon nanofibre growth was deposited 
onto a ceramic paper (Fisher, HCR-350-W) by adsorption and carbon nanofibres were 
grown directly into the three dimensional structure. The resulting carbon nanofibre 
electrode material is both electricall y conducting and mechanically robust. Fig. 2.7 
shows SEM images of the ceramic substrate and the resulting carbon nanofibre 
growth . 
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Figure 2.7. FEGSEM images of (a) the ceramic paper substrate, (b) and (c) carbon nanofibres of 
typica lly 100 1lI11 diameter, g rown from ethylene gas direct ly onto the catalyst impregnated ceramic 
paper. The thickness of the carbon nanofibre coating on individual fibres is estimated as typica lly 10-
20 ~m. 
The heat resistant, highly porous ceramic paper was cut into 20 x 120 mm rectangular 
pieces. It was approximately I mm thick and had an overall weight of 18 mg cm·2 
The ceramic paper was thoroughly impregnated with the catalyst precursor, 
nanoparticu late Fe20 ), by dippi ng into the so l. The catalyst precursor impregnated 
ceramic paper was then dri ed and transferred into the tube furnace. The procedure for 
carbon nanofibre growth was as described in the prev ious section. 
[n the absence of catalyst no carbon growth was detected. The FEGSEM images in 
Fig. 2.7 (b) and (c) show the carbon nanofibre growth. The fibres are long and 
intertwined with a typical diameter of 100 run . The weight of the deposit was 
typically 2 1 mg cm·2 (thi s value was obtained by getting the difference in weight 
between a ceramic paper sample with and without CNF growth), which (assumi ng a 
density of 2.2 g cm')) amounts to 1,200 m carbon nanofibre length, or 0.38 m2 area 
per cm2 geometric area (this corresponds to approx imately 20 m2 g.t carbon surface 
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per gram of carbon fibre materi al, in good agreement with earlier reports [21 D. 
FEGSEM images were used to estimate the CNF diameter and length as 100 nm and 
20 /Lm, respectively. 
The value of the surface area estimated above, 20 m2 g.l, is the area that contTibutes to 
the faradaic current and is the area of significance in the context of electrochemistry. 
It is the voltammetric area, which is a function of the diffusional path length and the 
time scale of the experiment. This is the area that is readil y penetrated by electrolyte 
so lution under the conditions of an electrochemical experiment. BET surface area 
measurements were also conducted, by N2 adsorption. A value of 114 m2 g"1 was 
obtained, which is the surface area that contributes to the non-faradaic current, e.g., 
thi s is the area of significance in supercapacitor measurements. 
[n addition to their growth onto ceramic paper, carbon nanofibres could also be grown 
onto indi vidual ceramic fi bres in a s imilar fashion. Bundles of fibres II I1m in 
diameter and made from alumina/silica/bori a (AbO):Si02:B20 )170:28:2) were 
employed. Fig. 2.8 shows that the diameter of the fibres increased to about 30 ~lm 
after carbon nanofibre growth, i.e., the fibres were coated in a carbon fil m of 
approx i mate l y 10 I1m. 
Figure 2.8. FEGSEM images of a carbon nanofib re deposil grown onlO individual ceramic fibres, (a) 
& (b) showing differenl magnifications. 
2.3.4. Surface Synthesis of Carbon Nanof1bres on Metal Substrates 
The synthesis of supported carbon nanofibres is useful for their direct application as 
electrode materi als. It has recentl y been demonstrated that stainless steel mesh can act 
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as a combined catalyst precursor and supporting material for CVD carbon nanofibre 
growth [22] . Emmenegger et a!. also synthesised carbon nanotubes from an iron 
nitrate precursor solution spin coated onto an aluminium subslTate [23]. Highly 
oriented carbon nanotubes have been produced on polycrystalline and single crystal 
nickel substTates by plasma enhanced hot filament CVD [24]. Carbon nanotubes have 
been synthesised directly onto stainless steel plates by the sequentia l combination of 
PECVD and thennal CVD [25]. A titanium substTate with a Ni layer as catalyst, 
deposited by magnetron sputtering, has been shown to give well-aligned carbon 
nanotubes by PECVD [26]. 
In this work, the direct growth of carbon nanofibres onto metallic substrates was 
feasible by depositing the iron oxide catalyst precursor onto a suitable meta l substrate. 
The iron oxide catalyst was deposited onto a copper surface with the subsequent 
growth of carbon nanofibres by CVD. The images in Fig. 2.9 show the carbon 
nanofibre growth on copper produced using the standard procedure. 
Figure 2.9. SEM of fibres grown using Fe,O, nanopartic\e solution coated onto a Cu sheet, 3 ditTerent 
magnifications shown. Cu particles are seen along the CNF. 
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The underlying copper surface was roughened during the carbon growth process. The 
carbon nanofibres are seen to adhere well. Fig. 2.9 (c) shows the presence of catalyst 
particles along the length of the nanofibres, as a resu lt of the nucleation and growth 
mechanism occurring, and axial fibre growth can be observed. 
2.4. Solubilisation of Carbon Nanofibres 
2.4. 1. Introduction 
The chemical vapour deposition grown carbon nanofibre material was obtained under 
a strictly reducing atmosphere. The 'as grown' carbon nanofibres are highly 
hydrophobic and entirely inso luble in aqueous so lution. However, for many 
applications it is crucial for the carbon nanofibre material to be soluble in aqueous 
environments. The so lub le fOl1n of the carbon nanofibres can be used for the 
deposition of well-defined carbon electrodes (Chap. 3) or employed for co-depos ition 
wi th metals (Chaps. 5 & 6). 
In order to achieve so lubilisation in water either (i) additi ves have to be employed 
(e.g. , su rfactants [27) or adsorbing polymers [28]) or (ii) the surface of the carbon has 
to be made hydrophilic. Hu et al. successfully obtained carboxyl modified carbon 
nanotubes by treating their raw carbon nanotubes with concentrated nitric acid [29). 
Using a mixture of concentrated nitric and sulphuric acids Windle et al. introduced 
acidic groups onto nanotubes. This was verified with X-ray micro-analysi s, which 
confirmed that they contained significant concentrations of carbon and oxygen [30). 
Work on single walled carbon nanotubes has shown that they are soluble in an 
aqueous starch-iodine complex, where the amylose in starch is pre-organised into a 
helical formation by the iodine. The carbon nanotubes displace iodine molecules from 
the amylose helix [3 1). Jia et al. reported the breaking of carbon nanotubes by boiling 
in nitric acid [32]. They found that the average length of the nanotubes was reduced 
and that the shorter tubes were relatively straight. The mechanism responsible is 
beli eved to be the oxidation of the nanotube wall at defect sites . 
Here, the so lubilisation of carbon nanolibres in water without additives is undertaken. 
Hence, an oxidative treatment under reflux in strongly ox idizing, concentTated nitric 
acid was applied to introduce polarity and hyd rophi licity to the carbon surface. 
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2.4.2. Oxidative Breakdown and Solubilisation of Carbon Nanofibres 
The furnace grown carbon nanofi bres were oxidised in RNO} as follows. The fi bres 
were placed in a 100 ml round bottomed fl ask and 60 ml of RNO} was added. A 
condenser was fitted to the fl ask, which was then heated to a gentle reflux, 135 °C 
approx. , in a thernl0staticall y contro ll ed oil bath. The so lution was heated at thi s 
temperature for 4 h during which time it turned from yellow to brown. The so lution 
was allowed to cool and the fib res were washed several times with distill ed water 
followed by sedimentation, until the fibres began to form a more stable suspension. 
The remaining so lution was evaporated in an oven (100 °C). 
The oxidised carbon nanofi bres are hydrophilic and therefore more water-soluble. 
They are easily suspended in distilled water and form stab le suspensions in alkaline 
aqueous media. They fo rnl less stable suspensions in acidic so lution with the fibres 
settling out after I - 2 h. 
Comparisoll of fir e As GrowlI alld Oxidised Nallojibres by Microscopy alld 
Specfroscopy 
The as-grown carbon nanofibres are long and intertwined, as shown in (Sec. 2.3), and 
as illustrated in Fig. 2.10 (a). The acid treatment introduced carboxyl groups at the 
ends, and at weak points, of the fibres . From the FEGSEM image of the ox idised 
carbon nanofibres shown in Fig. 2.10 (b), it can be seen that the long fi bres were 
broken into much shorter fragments. At higher magnjfication , Fig. 2. 10 (c), the 
individual inter-grown components can be observed. 
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Figure 2. tO. FEGSEM images of carbon nanofibres: (a) as grown, (b) afte r nitric acid digestion, and 
(c) after nitric acid digestion at high magnification. 
The image in Fig. 2.10 (c) suggests a hierarchica l structure wi th smaller individual 
fibres combining to make the larger diameter fibres . This image gives an important 
insight into the growth process. Ind iv idual fibres appear to form bundles, likely to be 
dependent on the density of the catalyst particles. 
Next, the carbon nanofibre material s were compared vIa spectroscopy. Fig. 2.11 
shows diffuse reflectance FTIR (DRIFTS, requires an instrument attachment - used 
for so lid samples) spectra for (a) the as grown and (b) the oxidised carbon nanofibres, 
described in Chap. 1.9.4. 
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Figure 2.11. DRIFTS of carbon nanofibres Ca) as grown and (b) after oxidation in HNO,. 
The peaks common to both spectra are located at 2856.6 and 2926 cm", both -CH 
stretching absorptions. The carbonyl absorption peak is present at 1743.4 cm" in the 
oxidised spectrum. It also exhibits a C-O stretching frequency at 1239 cm " . The as 
grown spectrum has a peak at 882 cm" attributable to olefin C-H adsorption. 
XPS can be used for elemental composition (qualitative and quantitati ve) analys is, 
described in Chap. 1.9.5. It can also provide chemical state information, with 
appropriate deconvolution of the spectrum . The technique has a detection limit of 
about 1 at. -% and it requires a high vacuum, 10.6 mbar for the instrument used in this 
work. Fig. 2.12 shows the XPS spectrum of the as grown (unoxidised) carbon 
nanofibres . 
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Figure 2.12, XPS spectra of as grown carbon nano fibres (a) I - 1100 eV (85 eV, 20 mS, 5 scans) and 
(b) 268 - 298 cV (25 cV, 40 mS, 25 scans). 
The onl y peak present is that of carbon at 285 eV. The Fe cata lyst is not apparent; if 
present it would appear at 55 eV. XPS is surface sensitive, to a depth of 30 A, so the 
Fe may still be present inside the carbon nanofibres , 
The spectrum for the oxidised carbon nanofibres shows peaks for carbon and oxygen 
at 285 and 532 eV, respectively, Fig, 2,13 (a). itrogen as well as other elements are 
absent 
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Figure 2.13. XPS spectra of oxidised carbon nanolibres (a) I - 1100 eV (85 eV, 20 mS, 5 scans) and 
(b) 268 - 298 eV (25 eV, 40 mS, 25 scans). 
Fig. 2. 13 (b) shows an expanded spectrum around the carbon peak showing a shoulder 
at higher energy than the main peak. The shoulder was not present in the unoxidised 
sample and is attri buted to the hydroxyl, carbonyl, and carboxyl groups [33, 34, 35). 
Raman spectra were recorded for the as grown and ox idised forms of the carbon 
nanofibres, more detail on Raman spectroscopy in Chap. 1.9.6. The signals observed 
at - 1350 cm-I and - 1600 cm-I , Fig. 2.14, are indicati ve of the signals seen for a 
carbon spectrum. They are the first order graphite bands known as the 0 (di sorder) 
and G (graphite) bands. 
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fi gure 2.14. RAMAN spectra fo r as grown, lower trace, and oxidised, upper trace, carbon nanofibres. 
The first peak is the D band and can be assigned to spJ defects on the carbon 
nanoflbres. The second peak, the G band, is caused by the Raman active E2g mode 
analogous to that o f graphite [36]. It is due to the presence of Sp2 C [37]. The 
expanded region (TOm 2250 - 3300 cm-I shows a distinct difference between the two 
spectra. The peaks observed are due to the symmetricaVasymmetrica l C-H stretching 
modes of -CH2 and -CHl and may overlap with the second order combination modes 
of the 0 and G bands. The decrease in the peak at - 2700 cm-I is to be expected with 
a decrease in the number of CH, groups on oxidation of the carbon nanofibres. It is 
also expected that the ratio of the first order graphite peaks wo uld change [38]. As the 
fi bres are oxidised, Sp2 hybridised C changes into Spl C. A small increase in the ratio 
of the D:G intensity can be seen after oxidation. 
McCreary attempted to describe a relationship between e lectrode structure and 
electroanalytical performance, showing the potent ial significance of the functional 
groups identified above [39]. The presence of chemisorbed oxygen, oxygen 
containing fu nctional groups, and surface ox ides was discussed. Possible surface 
oxide groups include quinone, phenol, carbonyl, etc. Variations in the surface oxides 
(type and quantity) was seen to be a major source o f variability in the electrochemical 
perfo rmance. Several electrochemical observat ions, which are affected by sur face 
structure, were discussed, including the vo ltammetric background, elect ron transfer 
kinetics, and adsorption_ 
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Clear examples were discussed, where surface oxides accelerate electron transfer, 
such as cytochrome c, NADH oxidation, and O2 reduction . In some cases a HID 
isotope effect was observed, which was attributed to proton transfer to or from surface 
phenols. For these cases a clean surface is not asufficient for fast electron transfer. 
Redox mediation, proton assisted electron transfer and interaction with the oxide 
binding sites are three examples where surface ox ides are directly invo lved with 
electron transfer. 
A number of factors were seen to affect electron transfer at carbon, including the 
physicochemical properties of basal plane carbon which retarded electron tTansfer 
(e.g., low density of electronic states) [40]. Also, it was observed that the kineti cs of 
aquated ions were very sensitive to the density of surface oxides on modified carbon 
electrodes, whi le those of various other redox systems were not [41J.The long term 
aim of this work was to provide a structural basis fo r electron transfer reacti vity [40]. 
2.5. Electrochemical Processes at Immobilised Carbon Nanofibre 
Materials 
2.5.1. Introduction 
Carbon nanofibre materials are superb electrode materials due to their relatively high 
electrical conductivity and surface area [42]. The high electrical conductivity allows 
three dimensional carbon frameworks to be built and electrically connected. The high 
surface area is important for (i) conducting kinetically slow processes, (i i) 
accumulation of molecules from the solution phase by adsorption onto the surface at 
the solid/solution interface, and (i ii) achieving high current densities. 
The vo ltammetry of 'as grown' carbon nanofibres has been reported based on a 
simple 'teabag' technique [2 1]. The carbon nanofibre material was placed on a glassy 
carbon electrode and immobilised with a polymer membrane. The alternative 
immobi lisation of carbon nanofibres in an inert dielectric such as paraffin has also 
been reported [43]. This resulted in the formation of a random array of carbon fibre 
electrodes exposed to the solution. This type of electrode was proposed for the 
analytical detection of zinc. 
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Carbon nanotubes, nano fibres, and other types of carbon nano-structures [44) have 
found wide-spread applications in electrochemistry, electroanalysis [45], and in 
bioelectrochemistry [46). Novel electrodes have been prepared in the fonm of pastes 
[47], by mechanical abrasion onto suitabl e electrode surfaces [48], or as composite 
films wi th polymeri c binders [49, 50). The attraction of carbon as a relatively cheap 
and versatile material for electrode processes is associated with its abundance, high 
charge storage ability, and good conductivity, as well as the ease of chemical surface 
modification [51, 52, 53). 
The rest of thi s chapter explores the characteri sti cs of the novel carbon 
nanofibre/ceramic substrate as an electrode materi al. The material is shown to have 
interesting electrochemical properti es. 
2.5.2. Voltammetry of Carbon Nanofibres Grown onto Ceramic Supports I: 
Stagnant Solution 
Carbon nanofibres were grown di rectl y onto a ceramic substrate after impregnation of 
the surface with iron ox ide catalyst precursor and transfer of the sample into the 
fu rnace, as described earli er in Sec. 2.3, and as illustrated by the SEM image of the 
resulting materi al, shown in Fig. 2.7. 
This type of novel electrode combines mechanical stability, introduced by the ceramic 
backbone, and electrical conductivity/high surface area, introduced by the carbon 
growth. In order to use thi s type of materi al as an electrode, a di sc was attached to a 
glassy carbon electrode and held in place with a Lycra membrane. The 
electrochemical properti es of thi s e lectrode material will be described in stagnant 
solution, in this subsection, and in agitated solution, in the subsequent subsection. 
Electrodes composed of carbon nanofibres grown onto ceramic paper substrates show 
well-defined electrochemical characteri stics. When immersed in aqueous electrolyte 
so lution (at pH 7) an essentially featureless potential window from - 0.6 to + 0.8 V vs. 
SCE becomes accessible and vo ltammetric signals due to the catalyst employed in the 
carbon nanofibre growth process are not observed. This behaviour is in contrast to 
that of the oxid ised carbon nanofibres, which show peak-shaped signals due to 
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quinoid surface functionalities. Noticeable oxidation of the carbon surface occurs at 
potentials positive of 0.8 V vs. SCE. 
Next, aqueous redox couples were investigated. In Fig. 2.15 voItarnrnograms for the 
one electron reduction of 5 mM Ru(NH3)l+ in aqueous 1.0 M KCl are shown (Eq. 
2.1). 
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Figure 2.1S. Cyclic voltammograms for the reduction of 5 mM Ru(NH,).'+ in 1.0 M KCI obtained (i) 
at a 3 mm diameter glassy carbon electrode (current scaled to an electrode area of 0.38 cm2) and (ii-iv) 
at a 7 mm diameter carbon nanofibre electrode (geometric electrode area approx. 0.38 cm2, scan rate (i) 
5 mY s·', (ii) 1 mY s·', (iii) 2 mY s·', (iv) 5 mY s·'). 
The Ru(NH3)l+/2+ redox couple is a well Imown reversible outer sphere electron 
transfer system. 
(2.1) 
The voItarnrnogram shown in Fig. 2.15 (i) was recorded at a 3 mm diameter glassy 
carbon electrode and the current was scaled to be comparable with the 
voltarnrnograms obtained at a 7 mm diameter carbon nanofibre electrode (ii-iv). The 
reversible reduction of Ru(NH3)l+ occurs with a half wave potential ofE1I2 = Yz (Bp0x 
+ Epred) = -0.21 V vs. SCE. At glassy carbon electrodes, a well-defined diffusion 
controlled voItarnrnetric signal with an approx. 60 mV peak-to-peak separation is 
detected. The symmetric shape and position of the voItarnrnetric signal detected at the 
carbon nanofibre electrode indicates a considerably different kind of process. The 
charge under the voItarnrnetric signal, ca. 5 mC, is much higher than that expected for 
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diffusion to a disc electrode (compare to Fig. 2.15 (i» and is in agreement with 
RU(NH3)63+ trapped in the solution phase within the carbon nanofibre electrode. For 
experiments in a 5 mM RU(NH3)i+ solution, a charge of 5 mC corresponds to a 
solution volume of ca. 0.01 cm3, which is in good agreement with the approximate 
free volume in the carbon nanofibre/ceramic composite disc. The approximately 
symmetric shape of the voltarnmogram is indicative of thin film behaviour. However, 
the peak width at half height only approaches the theoretical limit of 91 mV [54] at 
very slow scan rates, Fig. 2.15 (ii). The increased capacitive background current in the 
cyclic voltarnmograms observed for the carbon nanofibre electrodes relative to the 
glassy carbon electrode is not surprising and is in agreement with the increased total 
electrode area, as approximated in Sec. 2.3.3. The peak-to-peak separation of 160 mV 
at a scan rate of 5 mV s·l, Fig. 2.15 (iv), is consistent with an overall resistance effect 
equivalent to a resistor of approximately 100 n. 
Following this, the oxidation of an aromatic molecule, hydroquinone, was studied . 
. Hydroquinone is oxidised in a 2 electron - 2 proton process, Eq. 2.2 [55]. 
OH 
-2e-2H 
• 
HO o (2.2) 
Cyclic voltarnmograms for the oxidation of 5 mM hydroquinone in aqueous 1.0 M 
phosphate buffer (PH 7) at glassy carbon and at carbon nanofibre electrodes are 
shown in Fig. 2.16. The reversible potential for hydroquinone/benzoquinone, E1I2 = Yz 
(Bp0x + Epred) = 0.04 V vs. SCE, is observed at both glassy carbon, Fig. 2.16 (i), and 
carbon nanofibre electrodes, Fig. 2.16 (ii-vi). However, the shape of the voltarnmetric 
peaks at these two types of electrode at identical scan rate, Fig. 2.16 (i) and (iv), are 
very different. The charge under the voltarnmetric peak observed for the carbon 
nanofibre electrodes, ca. 80 mC, is an order of magnitude higher than that expected 
for solution trapped in the electrode. 
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Figure 2.16. Cyclic voltammograms for the oxidation of 5 mM hydro quinone in 1.0 M phosphate 
buffer (PH 7) obtained at (i) a 3 mm diameter glassy carbon electrode (current scaled to an electrode 
area of 0.38 cm') and (ii-iv) a 7 mm diameter carbon nanofibre electrode (electrode area approx. 0.38 
cm', scan rate (i) 10 mY 5", (ii) 2 mY 5", (iii) 5 mY 5", (iv) 10 mY 5"). Cyclic voltammograms (scan 
rate 10 mY s') for (v) the background current obtained with a fresh 7 mm diameter carbon nanofibre 
electrode in 1.0 M phosphate buffer (PH 7) and for (vi) the background current detected with a 
thoroughly rinsed 7 mm carbon nanofibre electrode after use in a solution containing 5 mM 
hydroquinone and 1.0 M phosphate buffer (PH 7) are also shown. 
It is more interesting that the voltamrnetric signal for the hydroquinone/ benzoquinone 
redox system remains, Fig. 2.16 (vi), when the electrode is thoroughly rinsed with 
water and re-immersed into an aqueous 1.0 M phosphate buffer solution (PH 7), 
which does not contain hydroquinone. Strong adsorption of the 
hydroquinoneibenzoquinone system onto carbon nanofibre materials can explain this 
observation. The concentration dependence of this adsorption process was 
investigated over a wide range of hydro quinone concentrations, 1 mM to 0.5 M. 
Comparing with a Langmuir adsorption model, an approximate limit for monolayer 
adsorption at ca. 600 f!C cm-2 (based on the estimated total surface area) and an 
approximate equilibrium constant of ca. 2 morl dm3 were estimated. Monolayer 
coverage with benzoquinone is consistent with the surface area. 
The hydroquinone adsorbate is removed from the surface of the carbon nanofibre 
electrode by immersion in ethanol for 30 min. Therefore, physisorption of both 
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hydroquinone and benzoquinone appears to occur. These compounds have a high 
affinity for the carbon nanofibre material. The voltarnmetric responses are dominated 
by the presence of adsorbed material. The asymmetric shape of the voltarnmetric 
responses is, at least in part, due to resistance effects. 
Another system studied was the electrochemical oxidation of phenol and phenol 
derivatives, which is an important process for the analytical detection of phenols [56] 
and for the oxidative destruction of phenol impurities in aqueous systems [57]. The 
electrochemical oxidation of phenol is known to proceed predominantly via a one-
electron transfer and the formation of insoluble and non-conducting polymeric 
products (e.g., poly-oxyphenylenes [58]), which lead to electrode 'fouling'. This 
process is demonstrated at a glassy carbon electrode in Fig. 2.17 (i). 
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Figure 2.17. Multi-cycle cyclic voltammograms (scan rate 10 mV SI) for the oxidation of 50 mM 
phenol in 1.0 M phosphate buffer (pH 7) obtained at (i) a 3 mm diameter glassy carbon electrode and 
(ii) a 7 mm diameter carbon nanofibre electrode (geometric electrode area approx. 0.38 cm'). (iii) 
shows multi-cycle voltammograrns obtained in 1.0 M phosphate buffer (PH 7) after 30 min. immersion 
of a fresh carbon nanofibre electrode in a 1.0 M phosphate buffer solution containing 50 mM phenol 
and thorough rinsing in water. AI sparged solution. 
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At a glassy carbon electrode, immersed in 50 mM phenol in aqueous 1.0 M phosphate 
buffer (PH 7), a significant oxidation response is only detected during the first 
potential cycle of a multi-cycle cyclic voltammogram. The charge under the oxidation 
peak amounts to a deposition of ca. 120 x 10.9 mol cm-2 (assuming one electron is 
transferred per phenol molecule). 
A carbon nanofibre disc electrode immersed in 50 mM phenol in aqueous 1.0 M 
phosphate buffer (PH 7) solution also shows the characteristic phenol oxidation 
response at a potential of approximately 0.74 V vs. SCE, Fig. 2.17 (ii). However, in 
this case the electrode continues to function for several potential cycles. Integration of 
the charge under the oxidation peak at 0.74 V vs. SCE, observed during the first 
potential cycle, (ca. 0.3 C) suggests that phenol accumulates by adsorption onto the 
carbon nanofibres (and/or transfer of several electrons per phenol molecule). 
Inunersion of a fresh carbon nanofibre electrode into a solution of 50 mM phenol in 
1.0 M phosphate buffer (PH 7) followed by thorough rinsing with water and re-
immersion of the electrode into pure phosphate buffer also allows the characteristic 
oxidation response for adsorbed phenol to be detected, Fig. 2.17 (iii). From the 
estimated electrode area for the carbon nanofibre electrode (ca. 0.15 m2), Sec. 2.3.3, it 
can be deduced that the average current density at the carbon nanofibre electrode 
immersed in 50 mM phenol solution, compared with that observed at the glassy 
carbon electrode, is substantially smaller (by a factor of 60, approximately). 
There may also be a resistance effect due to the nature of the ceramic supported 
CNFs. An uncompensated resistance has the effect of drawing out the peaks along the 
potential axis, shifting peaks, and decreasing peak heights [59]. Under steady state 
conditions the effect of an IR drop is greatly diminished. 
A new voltammetric signal, with E1/2 = 0.04 V vs. SCE, is detected. This reversible 
oxidation/reduction response is observed at the same potential and with similar 
characteristics compared to those observed for the hydroquinonel benzoquinone redox 
system. Therefore, multi-electron oxidation of phenol adsorbed onto the carbon 
nanofibres seems to occur. However, a second weaker signal at E1/2 = 0.29 V vs. SCE 
is also observed and after rinsing with ethanol the new voltammetric signals remain. 
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This suggests that under the high concentration conditions employed here, the phenol 
oxidation process foIIows a multi-electron pathway with a complex mixture of 
products remaining adsorbed at the carbon surface. 
Both strong adsorption and the relatively high electrode area of the carbon nanofibre. 
electrodes (lower average current density) seem to change the reaction pathway for 
phenol oxidation. A plausible (and oversimplified) mechanism for the detection ofthe 
hydroquinone/benzoquinone signal after phenol oxidation is proposed in Fig. 2.18. 
00" -2n+ AJ~~'o/ 
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Figure 2.18. Reaction scheme for the proposed mechanism for multi-electron phenol oxidation. 
Oxidation of the adsorbed phenol may occur in two steps and without polymerization. 
Nucleophilic attack at the phenoxonium intermediate [60] and a further two electron-
two proton oxidation finally yield benzoquinone. 
In conclusion, carbon nanofibre electrodes have been grown onto a porous ceramic 
substrate. The resulting electrode material, although to some extent electricaIIy 
resistive, shows promising properties for applications in electrochemistry. In 
particular, the observation of strong adsorption of some aromatic compounds onto the 
surface of the carbon nanofibre composite electrode could be of potential importance 
for future applications in electroanalysis. 
2.5.3. Voltammetry of Carbon Nanofibres Grown onto Ceramic Supports 11: 
Agitated Solution 
Introducing fast mass transport into electrochemical reactions is often required to 
improve the efficiency of processes and the flux of materials to the electrode surface 
) 
in general. An unusual, but very versatile, way of improving mass transport is to 
apply ultrasound to electrode surfaces. In the lite~ature, there are numerous examples 
of ultrasound applied to flat electrode surfaces, but no account of the effects of 
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ultrasound at highly porous electrodes. Here, ultrasound from a glass horn emitter is 
applied to carbon nanofibre composite electrodes. 
Hydroquinone is oxidised in aqueous solution in a reversible 2-electron - 2-proton 
process leading to quinone as the main product (see Eq. 2.2). The process has already 
been studied and compared at glassy carbon and carbon nanofibre electrodes, see 
previous section. The process is diffusion controlled and therefore predicted to be 
strongly affected by the mass transport increase in the presence of ultrasound. 
Fig. 2.19 (A) shows typical sonovoltarnmograms in 1.0 M phosphate buffer solution, 
pH 7 obtained at a 3 mm diameter glassy carbon electrode. As expected, a linear 
increase in the mass transport controlled limiting current with concentration is 
observed. 
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Figure 2.19. Sonovoltammograms for the oxidation of hydroquinone in aqueous 1.0 M phosphate 
buffer solution at pH 7 (5 mm horn to electrode distance, 24 kHz, 8 W cm") at a scan rate of 0.02 V 0" 
obtained at (A) a 3 mm diameter glassy carbon electrode and (B) a carbon nanofibre electrode 
(geometric electrode area 0.38 cm'). In (C) a plot of the diffusion layer thickness, 0,000' detennined 
from the steady state limiting currents versus the horn to electrode distance is shown (errors estimated). 
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Sonovoltammograms obtained at a carbon nanofibre ceramic composite electrode are 
shown for comparison, Fig. 2.19 (B). The carbon nanofibre/ceramic composite 
structure remains essentially undamaged in the presence of 8 W cm-z ultrasound, 
evidenced by the fact that voltammograms can be obtained over prolonged periods of 
time without loss of signal. In part, this is because the ultrasound intensity applied in 
these experiments is lower and less violent compared to that applied in work reported 
with titanium horn transducers [61]. It can be observed that the sonovoltammetric 
response at carbon nanofibres is very different compared to that shown in Fig. 2.19 
(A) for the oxidation of hydroquinone at glassy carbon. There are three distinct 
current components associated with (i) hydroquinone adsorbed onto the carbon 
nanofibre surface, resulting in a peak response, (ii) hydroquinone from the solution 
phase being transported to the electrode and oxidised to quinone in a sigmoidal steady 
state response, and (iii) a considerable capacitive charging or background current. The 
peak current, due to the electrochemically reversible oxidation of adsorbed 
hydroquinone, is concentration dependent and has been shown to follow Langmuir 
adsorption characteristics, see Sec. 2.5 .2. The capacitive background current (obtained 
from cyclic voltammograms shown in Fig. 2.19 (B» observed for the carbon 
nanofibre/ceramic composite electrode is a factor of 2000 higher, compared to that for 
the glassy carbon electrode, consistent with the increased surface area. Here, the main 
point of interest is the sigmoidal steady state response observed at potentials positive 
of the peak response, because it can be used to calculate the average rate of mass 
transport from the limiting current. 
The mass transport to a solid surface in sonoelectrochemical processes can generally 
be understood in terms of two factors: (i) macroscopic streaming (a turbulent flow of 
liquid from the horn probe towards the electrode surface [62]) and (ii) micro-
streaming processes (due to oscillating and collapsing bubbles at the solid/solution. 
interface [63, 64, 65]). The latter type of process dominates at short time scales and at 
small electrodes. Both processes contribute to the average limiting current, I,ono, 
detected at a macroscopic electrode. In order to describe the average mass transport to 
a first approximation, fluctuations in the current can be ignored and the average mass 
transport coefficient, msono, can be determined from the average limiting current, I,ono, 
(see Eq. 2.3) assuming a planar diffusion mode [66]. In some cases it is advantageous 
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to express m,ono in terms of the diffusion coefficient, D, and the average diffusion 
layer thickness, o.,ono. The implicit assumption, I,ono cc D, made in this step does not 
necessarily hold [67] and may introduce the need for correction [68]. However, in 
general, Eq. 2.3 is relatively robust [69] and can be applied to voltammetric data to 
give the average diffusion layer thickness, o.,ono. 
Isona = 
A 
n F c msono 
D 
= nFc--
osono 
(2.3) 
In this equation, the current density, I,ono , is related to n, the number of electrons 
A 
transferred per molecule of reactant diffusing to the electrode, F is Faraday's constant, 
D is the diffusion coefficient, c is the concentration in bulk solution, and o,ono is the 
average diffusion layer thickness. The diffusion coefficient for hydroquinone in 
aqueous solution has been reported to be Dhydroquinone = 0.85 X 10'9 m2 S'l [70]. An 
analysis of the diffusion layer thickness as a function ofthe electrodelhom distance is 
shown in Fig. 2.19 (C). At glassy carbon, the diffusion layer thickness is typically 4 -
10 flm (depending on distance and power), whereas at the porous carbon nanofibre 
composite electrode the diffusion layer thickness is approximately an order of 
magnitude smaller, under otherwise identical conditions. So, for the same geometric 
area, a much higher current and, therefore, a faster conversion are possible. 
In order to explain the observation, two arguments are plausible: (i) the interfacial 
cavitation process and therefore the mass transport inducing step may depend on the 
type and extent of the electrode surface, or (ii), and probably more important, the 
turbulent mass transport conditions allow a higher surface area to be accessed locally. 
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(A) (B) 
Figure 2.20. Schematic drawing of the diffusion layer at (A) a flat electrode and (B) a porous carbon 
fibre electrode. 
In Fig. 2.20, the idea of a higher surface area becoming accessible in the presence of 
ultrasound is shown schematically. The turbulent flow pattern allows 'pockets' in the 
electrode material to be accessed efficiently. Therefore, an increased surface area, 
rather than the apparently thinner diffusion layer thickness, is responsible for the 
higher average limiting currents. The value of the surface area estimated earlier was 
20 m2 g-l, which is the voltanuntrica1ly active area contributing to the faradaic current 
and is a function of the diffusional path length and the time scale of the experiment. 
This area becomes increasingly penetrable under the mass transport conditions 
attained with ultrasound. More of the porous structure becomes accessible. The BET 
surface area of 114 m2 g-l is the surface area that contributes to the non-faradaic 
current, and remains inaccessible under the timescale involved. 
In order to gain further insight into the sonovoltanunetric process in the presence of 
the carbon nanofibre ceramic composite electrode, the reversible one electron 
reduction ofRu(NH3)i+, Eq. 2.l, was also investigated. 
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Figure 2.21. Sonovoltammograrns obtained at a 3 mm diameter glassy carbon electrode for the 
reduction of 5 mM Ru(NH,).'+ in aqueous 1.0 M KCl (5 mm horn to electrode distance, 24 kHz, 8 W 
cm") at a scan rate of (A) 0.02 V Si, (B) 1 V Si, and (C) 4 Vs'. 
The voltammograms shown in Fig. 2.21 were recorded at a 3 mm diameter glassy 
carbon disk electrode immersed in 5 mM Ru(NH3)63+ in 1.0 M KCl in the presence of 
ultrasound. At slow scan rates a typical quasi steady state current response with a 
limiting current density of approximately 5 mA cm-2 is detected. Based on Eq. 2.3 and 
asswning a diffusion coefficient of DRu = 0.91 X 10.9 m2 S-1 [71], this limiting current 
is consistent with an average diffusion layer thickness of 9 ± 2 flm and is in agreement 
with the results observed for hydroquinone. Next, Fig. 2.21 (B) and (C) show the 
voltammetric responses for the case of faster scan rates. Clearly, the peak response 
characteristics for a cyclic voltammogram are emerging at fast scan rates. The 
observation of forward and back current peaks in the cyclic voltammogram can be 
understood as a sign that the time between reduction and oxidation (the voltammetric 
time scale) becomes too fast for molecules to escape from the diffusion layer. 
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Figure 2.22. Plot of the limitiug and peak current densities for sonovoltammograms obtained at a flat 
glassy carbon (squares) and at a porous carbon nanofibre/ceramic composite electrode (x's) (see Figs. 
RT 
2.21 & 2.23) versus 'voltammetric time scale', ,,= - (errors estimated). The shaded regions 
vF 
correspond to the transition zones between the steady state and transient behaviour and are associated 
with Tfh' and 'Poro .. (see text). 
Fig. 2.22 shows a plot of the peak current density (black squares) versus the 
voltammetric time, ,,= RT , which corresponds to the inverse of the scan rate, v, 
vF . 
multiplied by RT At slow scan rates (short time scales) a steady state limiting 
F 
current is observed and at very fast scan rates (long/fast time scales) a strong peak 
current is detected. The expected increase in the peak current with the square root of 
scan rate is observed at fast scan rates (see dotted line), in agreement with the 
appropriate Randles-Sevcik expression for the peak current [72]. The intersection 
between the two linear regions in the plot (see Fig. 2.22) allows the average time 
RU(NH3)63+ molecules spent within the diffusion layer to be estimated as "flat"" 50 ms. 
A very similar estimate can be derived directly from the known diffusion layer 
thickness and" = 0
2 
D 
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Figure 2.23. Sonovoltammograms obtained at a carbon nanofibre composite electrode (geometric 
electrode area 0.38 cm2) for the reduction of 5 mM RU(NH3).'+ in aqueous 1.0 M KCI (5 mm horn to 
electrode distance, 24 kHz, 8 W cm·2) at a scan rate of (A) 0.15 V s", (B) 0.05 V Si, and (C) 0.02 Vs'. 
For these measurements 8 n compensation was applied to minimise distortions due to the IR drop. 
Voltammograms for the reduction of Ru(NH3)l+ at a 4 mm diameter carbon 
nanofibre/ceramic disk electrode are shown in Fig. 2.23. As expected, a considerable 
capacitive background current is observed. However, in addition, a steady state 
current component and a peak current component (at sufficiently high scan rates) can 
be identified. The steady state limiting current, approximately 25 ± 3 mA cm·2, is 
consistent with an average diffusion layer thickness of approximately 1.6 ± 0.2 J.lIl1, 
which again suggests that the current expressed per geometric electrode area is 
increased at carbon nanofibre/ceramic composite electrodes when compared to flat 
glassy carbon. However, the plot of the peak current versus voltammetric time (see 
Fig. 2.22) suggests that the average time spent by the Ru(NH3)63+ molecules in the 
diffusion layer of the porous electrode, tporous '" 600 ms, is substantially increased 
compared to that observed at flat glassy carbon. Therefore, the porous carbon 
nanofibre/ceramic composite electrode, in the presence of power ultrasound, leads to 
(i) an overall faster mass transport effect, and (ii) an increased contact time between 
reactant and electrode. 
As a possible application of carbon nanofibre/ceramic composite electrodes, one can 
envisage electrode reactions, which proceed at a slow rate or which require several 
collisions between reactant and electrode surface. One extreme case of this type of 
redox reaction is the electron transfer between an electrode and a colloidal particle 
[73]. It has recently been shown [15] that Fe203 nanoparticles in aqueous solution 
give voltammetric responses in the presence of power ultrasound. However, electron 
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transfer appeared to be slow and sensitive to the composition of the aqueous 
electrolyte. The overall redox process can be expressed as a multi-electron transfer 
associated with dissolution (see Eq. 2.4). The number of iron cations per particle, n, is 
approximately 2500 in this experiment (particle size ca. 4 - 5 nm [15]). 
Experiments employing a glassy carbon electrode immersed in aqueous 0.1 M KCI, 
containing different concentrations of hydrous iron oxide with and without 
ultrasound, failed to give any voltanunetric signature for the reduction of Fe(III) to 
Fe(II). 
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Figure 2.24. Sonovoltammograms obtained at a carbon nanofibre electrode (geometric electrode area 
0.13 cm') for the reduction of colloidal hydrous iron oxide (particle size approximately 4 - 5 nm) with 
(A) 0 mM, (B) 1.8 mM, (C) 3.3 mM, and (D) 4.0 mM Fe content in aqueous 0.1 M KCI (5 mm horn to 
electrode distance, 24 kHz, 8 W cm·') at a scan rate of 0.02 Vs·'. 
A considerable change is observed when the carbon nanofibre/ceramic composite 
electrode is employed. The voltanunograms in Fig. 2.24 show that with an increasing 
concentration of hydrous iron oxide a new voltanunetic reduction response is 
detected. It is composed of (i) a steady state reduction response commencing at 
approximately -0.2 V vs. SCE and (ii) anodic peak responses at - 0.5 and - 0.2 V vs. 
SCE. The peak responses have to be attributed to fonns of Fe2+ trapped in the 
structure of the carbon nanofibre/ceramic composite electrode. However, the steady 
state response is consistent with Fe203 particles being reduced in the porous electrode 
environment (Eq. 2.4). An analysis of the increase in the limiting current as a function 
of concentration (Fig. 2.24) allows an estimate for the diffusion layer thickness to be 
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obtained (Eq. 2.3). From the number of electrons transferred per nanoparticle, n = 
2500, the estimated diffusion coefficient DHFo = 8.5 X 10.11 m2s·t [15], and the 
voltarnrnetric data shown in Fig. 2.24, an approximate value of 0..000 = 0.7 ± 0.2 flIIl is 
obtained. This value is reasonable and suggests that Fe203 nanoparticles are fully 
reduced during their interaction with the porous electrode. 
In conclusion, it has been shown that porous electrodes, such as carbon 
nanofibre/cerarnic composite electrodes, can be employed beneficially in the presence 
of power ultrasound. Mass transport to and into the porous electrode is enhanced and 
extremely fast even at a modest ultrasound intensity. The effect of ultrasound on mass 
transport in the porous electrode has been determined quantitatively. In spite of the 
increase in mass transport, even slow electrode reactions may proceed due to a longer 
contact time between the reagent and the electrode. However, details about the 
distribution of the contact times are currently not known, and the impact of the porous 
electrode topography on sonoelectrochemical reaction mechanisms may be more 
complex, as suggested by a longer contact time. 
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Chapter 3 
Electrochemical Characterisation of Ultra-thin Carbon 
Nanofibre/Chitosan Films 
87 
3.1. Introduction 
Very thin films of carbon can be prepared, e.g., by evaporation coating or by various 
chemical vapour deposition techniques [1]. Carbon electrodeposition from organic 
solvent systems has been reported [2]. New wet chemical methods for the assembly 
and deposition of charged nano-particulate materials from solution have been 
developed [3, 4]. In particular, layer-by-layer deposits formed using ionomeric binder 
molecules have attracted attention [5]. Also, the layer-by-layer deposition of carbon 
nanotube materials has been reported recently [6]. It is shown here, that this versatile 
strategy is also successful for the formation of ultrathin carbon nanofibre films. For 
the deposition process to work, the negatively charged carbon nanofibre material, 
oxidised carbon nanofibres (Chap. 2.4), has to be suspended in a suitable solution 
(here aqueous 0.1 M acetate buffer at pH 5), and a cationic binder (here chitosan) has 
to be employed to promote layer-by-layer binding to a substrate surface. 
Chitosan (or poly(D-glucosamine» is a modified carbohydrate polymer derived from 
chitin (see structure in Fig. 3.1). 
NH2 
Figure 3.1. Molecular structural unit of the chilosan polymer. 
H 
Chitosan is chemically stable and has been used in electrochemical applications such 
as chitosan-modified glassy carbon electrodes for total iron determination [7], as a 
glucose sensor [8], as a biosensor matrix [9], and for the determination of EDTA 
species in water [10]. 
In this chapter, well-defined amounts of oxidised carbon nanofibre material were 
deposited onto tin-doped indium oxide (ITO) electrodes by solvent evaporation, 
which could then be characterised electrochemically. Also, a novel methodology for 
the layer-by-layer deposition of very thin layers of carbon nanofibres with a chitosan 
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binder was developed. Electrically conducting and electrochemically active films 
were formed; their thickness was controlled by the number of deposition cycles. 
The films were characterised by electron microscopy, conductivity measurements, 
and quartz crystal microbalance gravimetry. 
This new type of electrode has the properties of a transparent carbon electrode due to 
the extremely thin carbon coating. The capacitive background current and the 
Faradaic current for the aqueous hydroquinonelbenzoquinone redox system were 
investigated and compared for carbon nanofibre deposits formed with and without 
chitosan. In the presence of chitosan and for relatively high hydroquinone 
concentrations, the electron transfer between the ITO substrate and the carbon 
nanofibre deposit becomes rate limiting. 
3.2. Experimental 
3.2.1. Chemicals 
Chitosan (poly(D-glucosamine, low molecular weight, Aldrich), and HCI (32 %, 
Fisher) were obtained commercially and were used without further purification. For 
further details see Chap. 2.2.1. 
3.2.2. Instrumentation 
The working electrodes were made from tin-doped indium oxide (ITO) coated glass 
(I cm x 6 cm, 30 Cl per square, Image Optics, Basildon, UK). ITO is a commonly 
used substrate due to its conductivity and the fact that it can act as a support for 
various species. The ITO electrode was rinsed with ethanol, heat treated in a furnace 
for I h at 500°C, and re-equilibrated to ambient conditions prior to use. Quartz 
crystal microbalance experiments were conducted with a lab-made oscillator and a 
Fluke PM6680B counter at 9.1 MHz ITO coated quartz crystals (QA-A9M-ITOM, 
Advanced Measurement Technology, Wokingham, UK). Layer by layer deposits were 
prepared using a dip coating robot (DSG Dip Carousel, Nima Technology, Coventry, 
UK). For further details see Chap. 2.2.2. 
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3.2.3. Formation of Water Soluble Carbon Nanofibre Fragments 
The carbon nanofibres were grown from ethylene at 600 °C in contact with the iron 
catalyst formed by the reduction of the F~03 precursor, as described earlier (Chap. 
2.3) and following a literature procedure [11, 12]. The oxidation of the CNFs with 
HN03 was also carried out as outlined earlier in Chap. 2.4. 
The fibres were broken down into shorter fragments, which under high magnification 
allowed the components of the individual bundles to be observed. The carbon 
nanofibre fragments are easily suspended in distilled water and form stable 
suspensions in alkaline aqueous media. 
3.2.4. Layer-by-Layer Formation of Carbon Nanofibre/Chitosan Composite 
Films 
Solutions of chitosan (ca. 0.25 mg in 1 cm3) and carbon nanofibres (ca. 1 mg in 1 
cm3) were prepared in 0.1 M acetate buffer at pH 5. The deposition process relies on 
the interaction of the positively charged chitosan ionomer with the negatively charged 
carbon fragments. A robotic dip coating method was developed to perform the layer-
by-layer deposition, which is shown schernatically in Fig. 3.2. 
~ = Carbon nanofiber ~ = Chitosan polymer 
Figure 3.2. Schematic drawing of the layer-by·layer deposition process, employing the chitosan binder 
and carbon nanofibre fragments, alternately. 
A single deposition cycle consisted of the following steps: 
1) dipping a clean ITO electrode into stirred chitosan solution, holding for 30 s, 
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raising the electrode and holding for 5 s, 
2) dipping into stirred water, holding for 30 s, raising the electrode and holding 
for 5 s (twice), 
3) dipping into stirred carbon nanofibre solution, holding for 30 s, raising the 
electrode and holding for 5 s, 
4) dipping into stirred water, holding for 30 s, raising the electrode and holding 
for 5 s (twice). 
These steps were repeated for the required number of layers. The colour of the ITO 
electrode was observed to darken with an increasing number of deposition cycles. 
Typical FEGSEM images of a 10 layer chitosanlcarbon nanofibre deposit are shown 
in Fig. 3.3. The film thickness is similar to the nanofibre diameter (50 - 200 nm). 
Figure 3.3. FEGSEM image of a 10 layer carbon nanofibre/chitosan layer-by-layer deposit on ITO at 
(a) lower and at (b) higher magnification. 
3.2.5. ITO Conductivity Probes and Conductivity Measurements 
In order to determine the conductivity (lateral) of ultrathin carbon nanofibre/chitosan 
films, ITO electrodes (1 cm x 6 cm) were patterned by etching. Two electrodes, with 
a 1 mm gap, were made by masking the two electrode areas with tape (Scotch tape, 
3M), etching the exposed ITO layer with Hel vapour, and rinsing with distilled water. 
After removing the tape, two electrodes separated by an insulating glass surface were 
formed. These electrodes were then used for the layer-by-Iayer film growth (over a 
length of 1 cm) and the resistances of the resulting fihns were measured across the 
non-conducting area using a potentiostat in two electrode mode. Very low currents 
were measured and from the current/voltage plot true ohmic behaviour was inferred. 
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Typical conductivities measured for the films (after drying and equilibrating in air) 
were 2 ± I x 109 Ohm, independent of the number of layers deposited (independent of 
the thickness of the carbon deposit). From this behaviour it was concluded that the 
resistance measured is not a bulk resistance, but the contact resistance between the 
carbon nanofibre fragments and the ITO surface and due to the chitosan binder film, 
see below. 
3.3. Results and Discussion 
3.3.1. Deposition and Characterisation of Hydrophilised Carbon Nanofibre 
Fragments at ITO Electrodes 
Carbon nanofibres are of considerable interest as electrode materials and methods of 
depositing carbon nanofibres have been developed based on direct growth onto an 
electrode [13] or onto a ceramic substrate, as described earlier in Chap. 2, membrane 
immobilisation [14], composite formation [15], and abrasion techniques [16]. 
Uniform films with good stability and controlled thickness are difficult to achieve 
using these techniques. In this section an alternative layer-by-Iayer deposition 
approach for the formation of well-defined and electrochemically active films 
containing carbon nanofibre fragments is described. 
Carbon nanofibres in the hydrophobic 'as grown' state have been studied 
electrochemically, [14] and Chap. 2.5, but due to their complex structure (Fig. 2.10 
(a» are difficult to deposit in the form of a film. However, after oxidation, causing 
fragmentation (Fig. 2.10 (b) and (c», the carbon nanofibres are hydrophilic due to 
extensive surface fimctionalisation with carboxylate, quinone, and other oxygen 
containing groups. The presence of the oxygen containing groups was confirmed 
using spectroscopic techniques, as described earlier, Chap. 2.4. After oxidation in 
nitric acid the carbon nanofibres become soluble in alkaline aqueous media and 
temporarily soluble in neutral aqueous buffer media. 
3.3.2. Electrochemical Characterisation of Carbon Nanofibre Deposits I: The 
Capacitive Background Current 
A solution of hydrophilised carbon nanofibres in water (2 Ilg per 1 ilL) was prepared 
and deposited by solvent evaporation onto tin-doped indium oxide electrodes. Fig. 3.4 
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shows typical cyclic voltammetric current responses obtained as a function of the 
amount of deposit. 
-0.5 o 0.5 1.0 
E /Vvs. SCE 
~ 0.4 
-.. 
....... 0.2 
o 20 40 
weight ofCNF / J.1g 
Figure 3.4. (A) Cyclic voltarnmograms (scan rate 50 mV 5·') obtained in aqueous 1.0 M phosphate 
buffer solution, pH 2, for varying amounts of oxidised carbon nanofibres deposited onto an ITO 
electrode: (a) no carbon nanofibres deposited, (b) 2 Jlg, (c) 4 Jlg, (d) 11 Jlg, and (e) 22 Jlg. (B) Graph of 
peak current vs. the amount of carbon nanofibre deposited onto the ITO electrode surface (conditions 
as in (A». 
It can be seen clearly that the peak signal is (pseudo-)capacitive in nature and directly 
proportional to the weight of carbon nanofibres deposited (Fig. 3.4 (B)). The 
capacitance is typically 150 F g-l over a 1 V potential window, with a reduced 
capacitive response outside this potential region. The reasons for the high capacitive 
current response (in comparison to the as grown material, 20 F g-l [14]) are 
fragmentation and the presence of quinone/quinol surface functional groups. 
The effect of scan rate on the voltanunetric current signal is shown in Fig. 3.5. 
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Figure 3.5. (A) Cyclic voltammograms (scan rates (a) 5 mV s", (b) 20 mV s", (c) 50 mV s", and (d) 
lOO mV 8"') obtained in aqueous 1.0 M phosphate buffer, pH 2, for 11 Ilg of carbon nanofibres 
deposited onto an ITO electrode. (B) Variation of peak current with scan rate, obtained at an ITO 
electrode modified with Illlg carbon nanofibres (conditions as in (A». 
As expected for a surface immobilised redox system, a linear increase in current with 
increasing scan rate is observed, up to a certain scan rate, 50 mV S·I. The widening 
peak-to-peak separation, observed at higher scan rates, is indicative of the onset of 
slow electron transport across the ITOlcarbon contact or through the carbon nanofibre 
film deposit. The deposit formed by solvent evaporation is uneven in nature but 
suitable for the study of the redox behaviour of the hydrophilised carbon in acidic 
aqueous buffer media. 
3.3.3. Electrochemical Characterisation of Carbon Nanofibre Deposits 11: The 
Aqueous Hydroquinone/Benzoquinone System 
Next, the electron transfer reactivity of the carbon nanofibre deposit was investigated. 
The hydroquinone/benzoquinone redox system is kinetically very slow on ceramic 
electrode surfaces such as tin-doped indium oxide (lTO). In Fig. 3.6 (a) typical 
voltammetric current responses are shown for the oxidation of 5 mM hydroquinone in 
1.0 M phosphate buffer, pH 2, at a clean ITO electrode. 
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Figure 3.6. Cyclic voltammograms (scan rate (a) 20 mY s", (b) 2 mY s", (c) 5 mY s", (d) 10 mY s", 
and (e) 20 mY s") for (a) a clean ITO electrode, (b) - (e) an ITO electrode modified with 11 Jlg carbon 
nanofibre material immersed in 5 mM hydro quinone in 1 M phosphate buffer, pH 2. 
Oxidation is observed at a potential of ca. + I V vs. SCE and after reversal of the scan 
direction, the reduction of benzoquinone to hydroquinone is observed at - 0.3 V vs. 
SCE. The substantial (and symmetrical) gap between the oxidation and reduction 
process is a sign of slow electron transfer at the ITO surface. The presence of carbon 
nanofibres on the ITO electrode, deposited by solvent evaporation, allows for much 
faster redox processes. In the presence of 11 I1g of hydrophilised carbon nanofibres an 
almost reversible voltarnmetric response is observed at 0.33 V vs. SCE, Fig. 3.6 (b)-
(e). Electron transfer occurs indirectly via the carbon nanofibres, which act as a dense 
array of carbon nano-electrodes. 
3.3.4. Layer-by-Layer Deposition and Characterisation of Hydrophilised Carbon 
Nanofibre/Chitosan Films at ITO Electrodes 
Next, in order to form electrode surfaces with an even and homogeneous film of 
hydrophiIised carbon nanofibres, a layer-by-Iayer deposition process was developed. 
Many examples of layered films formed due to the electrostatic interaction of two 
components are known [17] but this is the first instance of a carbon nanofibre film 
being formed by employing this process. HydrophiIised carbon nanofibre fragments 
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are negatively charged and require a positively charged binder. Here chitosan (Fig. 
3.1) is employed as a well-known positively charged ionomer, which has been used, 
e.g., for the deposition oflayered silica films [18]. 
The films were grown as described in the experimental section, Sec. 3.2.4. Direct 
evidence for the deposition process comes from quartz crystal microbalance 
measurements. Fig. 3.7 shows mass data for a dry 9.1 MHz ITO coated quartz crystal 
resonator after each chitosan and hydrophilised carbon nanofibre deposition step. 
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Figure 3.7. Graph, from QCM data, of the weight of chit os an (+) and CNF (.) added with each layer 
deposited onto an ITO coated quartz crystal resonator. 
From the data it can be seen that typically 50 ng chitosan and 80 ng hydrophilised 
carbon nanofibres were deposited onto the 20 x 10-6 m2 resonator surface per 
deposition step. This amount of deposit is not inconsistent with the electron 
micrographs shown in Fig. 3.3. With this deposition technique, it is now possible to 
immobilise very small amounts of hydrophilised carbon nanofibres evenly (from 
FEGSEM images) at the ITO electrode surface. 
3.3.5. Electrochemical Characterisation of Ultra-thin Carbon N anofibrel 
Chitosan Composite Films I: The Capacitive Background Current 
Hydrophilised carbon nanofibres, when co-deposited in layers with chitosan onto ITO 
electrodes and immersed in aqueous phosphate buffer at pH 7, typically result in 
peak-shaped current responses similar to those observed for deposits formed via 
solvent evaporation (compare Fig. 3.8 and Fig. 3.4). 
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Figure 3.8. Cyclic votarnmograms (scan rate 50 mV s") at ITO electrodes (1 cm' exposed area) with 
different numbers, as marked, of carbon nanofibre/chitosan layers, 0.1 M PBS, pH 7. 
For the initial 5 layers, the (pseudo-)capacitive current response increases with the 
number of layers deposited (Fig. 3.8), but for higher numbers of layers more complex 
and less reproducible behaviour was observed. The approximate charge stored per 
gram of hydrophilised carbon nanofibre material, ca. 180 Fg"I, was estimated from 
knowing the amount of deposit (Fig. 3.7) and the current response (Fig. 3.8). This 
result is consistent with the value observed for hydrophilised carbon deposited by 
solvent evaporation, discussed above. It is likely that smaller fragments deposit more 
readily/preferentially causing the slightly higher value. 
3.3.6. Electrochemical Characterisation of Ultra-thin Carbon Nanofibre/ 
Chitosan Composite Films 11: The HydroquinonelBenzoquinone System 
Subsequently, the ability of the carbon nanofibre/chitosan composite film to enhance 
electron transfer from the ITO electrode to aqueous redox systems was investigated. 
A one layer film deposited on ITO was immersed in a solution of 5 mM hydroquinone 
in 0.1 M phosphate buffer. As expected, t1ie oxidation of hydroquinone was highly 
irreversible (a wide potential gap between the oxidation and reduction responses, Fig. 
3.9 (a» in the absence, and highly reversible in the presence, of the carbon nanofibre 
film deposit. 
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Figure 3.9. Cyclic voltammograms for the oxidation of 5 mM hydroquinone in 0.1 M phosphate buffer 
at pH 7 at (a) a bare ITO electrode (scan rate 50 mVs'), (b) a I layer electrode (scan rate 10 mVs'), (c) 
a I layer electrode (scan rate 20 mVs"), and (d) a I layer electrode (scan rate 50 mVs'), all with I cm' 
exposed area. 
The reversible hydroquinonelbenzoquinone redox process was detected at a potential 
of 0.03 V vs. SCE (at pH 7) consistent with the measurement obtained with carbon 
nanofibre deposits at pH 2 (Fig. 3.6). The 300 m V shift in equilibrium potential for a 
proton activity change of 5 pH units is expected and consistent with the behaviour of 
a 2 electron - 2 proton redox system. However, the voltanunetric responses at the 
carbon nanofibre/chitosan composite film are strongly distorted and both the 
oxidation as well as reduction responses show almost ohmic characteristics with a 
2500 n resistance, Fig. 3.9 (b) - (d). The peculiar shape of the voltanunetric responses 
is essentially independent of the number oflayers deposited (for the first 5 layers). 
An analysis of the results indicates an ohmic contact, i.e., highly resistive but stilI 
conducting, between the carbon nanofibre deposit and the ITO electrode surface. It is 
very likely that the presence of the chitosan ionomer between the carbon nanofibres 
and the ITO substrate causes a barrier for electron tunnelling, sufficient to act as the 
rate-determining step for the hydro quinone oxidation process. 
3.3.7. Electrochemical Characterisation of Ultra-thin Carbon Nanofibrel 
Chitosan Composite Films Ill: Conductivity Measurements 
Further evidence for the presence of a barrier to electron movement between the 
hydrophilised carbon nanofibre/chitosan deposit and the ITO electrode comes from 
the measurement of the conductivity of the ultra-thin carbon film deposits. A 
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conductivity probe was made by removing a 1 mm wide section of ITO from the 
centre of the electrode surface leaving two separate 0.45 cm x 6 cm electrodes on a 1 
cm x 6 cm glass slide. A hydrophilised carbon nanofibre/chitosan film was deposited 
and used to bridge the two electrodes. The conductivity of the film was measured with 
a two probe teclmique at low current (and over a range of potentials to ensure ohmic 
characteristics). The ultra-thin carbon film deposits clearly conduct electricity and a 
typical resistance of 2 ± 1 x 109 Ohm is measured. This value is recorded independent 
of the number of layers deposited onto the probe. Again a contact resistance rather 
than the true bulk resistance of the film is measured. The contact resistance of the dry 
film appears to be substantially higher compared to the contact resistance of the film 
immersed in aqueous buffer solution. 
Both the dry resistivity measurement and the voltammetric measurement of the 
contact resistance in solution, probe the gap between the carbon nanofibres and the 
ITO substrate and it is interesting to ask how this resistivity, due to the tunnelling gap, 
can be affected. It has been reported that, under relatively mild conditions, chitosan 
can be converted to carbon [19] and this would allow a better coupling between 
carbon nanofibre electrodes and substrate. Alternatively, a different type of cationic 
binder layer could be employed, initially between the first carbon layer and the ITO 
substrate. 
3.4. Conclusions 
It has been shown that small fragments of hydrophilised carbon nanofibres deposited 
in the form of an ultra-thin film on ITO electrodes can be formed and have a 
considerable effect on the voltarnmetric characteristics of the electrode. Important 
electrochemical processes such as the oxidation of hydro quinone, which occurs with a 
substantial overpotential at a bare ITO electrode, proceeds with a high rate of electron 
transfer and essentially reversibly. However, the chitosan binder employed to bind a 
thin layer of carbon nanofibres to the electrode surface also acts as a barrier for 
electron transfer. Current flow under both dry and wet conditions is limited by the 
ohmic carbonlsubstrate contact. 
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The presence of an ultra-thin carbon film at the ITO electrode surface imposes the 
electrochemical properties of carbon without significant changes in transparency. 
Potential future applications of this type of electrode could be In 
spectroelectrochemical studies or as sensors with covalently modified carbon 
nanofibres. 
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Chapter 4 
Electrochemical Characterisation of Carbon Nanofibre/Sol-
gel Silicate Films 
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4.1. Introduction 
Sol-gel materials have been used in many coating and thin film studies [1]. This wet 
coating method is based on silane precursors, such as tetramethoxysilane or 
methyltrimethoxysilane, which are soluble in methanol and sensitive to hydrolysis in 
the presence of acids [2]. Typically, dilute precursor solutions are mixed with HCI 
and applied to a suitable substrate surface. Over a period of hours the solvent 
evaporates and a uniform microporous silicate film is formed [3]. Sol-gel methods are 
very attractive for the incorporation of sensitive chemicals (e.g., proteins [4]) or for 
the preparation of very thin functional films [5]. In this study, the sol-gel approach is 
employed to embed carbon nanofibres in a thin film at an electrode surface. 
Prior to the development of the carbon nanofibre/sol-gel silicate films, carbon 
nanofibre containing composite electrodes in the form of carbon ceramic electrodes 
(CCE) and carbon paste electrodes (CPE) were investigated [6]. A hydrophobic sol-
gel matrix based on a methyl-trimethoxysilane precursor was employed in 
combination with carbon nanofibres or a carbon nanofibre/carbon particle mixture to 
form the CCEs, while the CPEs were made by simply pasting carbon nanofibres with 
the redox probe solution under investigation. Carbon nanofibre CCEs, in comparison 
with conventional graphite particle based CCEs, exhibited higher capacitive currents. 
Both the CCE and CPE systems demonstrated good efficiencies and consistent 
voltammetric characteristics. The addition of graphite particles into the carbon 
nanofibre CCE was seen to improve electrode stability. 
In this study, the development of thin film electrodes involved embedding carbon 
nanofibres into thin films of a hydrophobic sol-gel material and casting onto tin-doped 
indium oxide (ITO) electrodes. The carbon nanofibres consisted predominantly of ca. 
100 - 200 nm diameter fibres, which promote electrical transport and allow the study 
of electrochemical reactions at liquid I liquid interfaces. In order to prevent carbon 
nanofibre aggregation, 7 nm diameter silica nanoparticles were added to the sol-gel 
mixture and homogeneous high surface area films were obtained. 
This novel electrode material was employed for the oxidation of ferrocenedimethanol 
in aqueous solution and for the oxidation of tert-butylferrocene as either the pure 
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liquid or immobilised in hydrophobic 2-nitrophenyloctylether (NPOE) and immersed 
in aqueous solution. In the absence of an organic phase, partial blocking of the 
electrode was observed, but well defined voItammetric responses were obtained with 
an organic liquid immobilised in the hydrophobic mesoporous film. Due to the 
formation of an extended liquid I liquid I electrode triple phase junction, cyclic 
voItammograms were recorded, which allow the transfer potential for a range of 
anions to be determined directly from the peak potentials. Measurements in the 
presence of tetrabutylammonium perchlorate (TBAP) and tetraoctylammonium 
perchlorate (TOAP) reveal that a gradual transition from anion transfer dominated to 
cation transfer dominated processes occurs as the hydrophilicity of the anion 
increases. 
The recent development of "ion transfer" electrodes based on small amounts of 
immobilised organic liquids composed of a pure redox liquid [7] or of a redox probe 
solution in an organic hydrophobic solvent [8] or in a room temperature ionic liquid 
[9], which is immersed in an aqueous electrolyte solution, has attracted much interest. 
This is connected with potential applications in, e.g., ion partitioning analysis [10], 
photoelectrochemistry at liquid I liquid interfaces [11], and in liquid I liquid electro-
organic synthesis [12]. The mechanism of the electrode process involves electron 
transfer at the electrode I organic liquid interface and ion transfer across the liquid I 
liquid interface [13, 14], to maintain charge neutrality. The close proximity of the 
electrode surface and the two liquid phases (at the triple phase junction) has been 
shown to be a condition for efficient electrode processes for unsupported organic 
liquids, where no electrolyte saIt has intentionally been added into the organic phase. 
Currently, new and better electrode materials are being developed for this kind of 
redox process. 
Heterogeneously structured electrodes, with electronically conductive particles or 
fibres as one of the components, are potentially interesting in terms of their ability to 
provide favourable conditions for extended triple phase junction formation. An 
electrode composed of graphite particles suspended in a hydrophobic silicate matrix 
(Carbon Ceramic Electrode, CCE) has already proved to be an appropriate support for 
ion transfer measurements in unsupported [15, 16] or supported [17] systems. Thin 
/ 
porous films, based on hydrophobic silicate films [5, 18] and layer-by-layer deposited 
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nanoparticle films [19, 20] provide appropriate supports for diluted or undiluted redox 
liquids. The use of a porous layer covered by a thin metallic (gold) fihn to support the 
liquid I liquid electrode has been reported [3]. The efficiency of the electrode 
processes for such electrodes is affected by the size of the conducting particles [21]. 
In the search for novel electrode supports for efficient "ion transfer" electrodes 
attention turned to carbon nanofibres (CNFs), formed as described earlier in Chap. 
2.3. The electrochemistry ofthese CNFs has been explored in composites [22], in thin 
films (discussed in Chap. 3), and for materials grown directly onto ceramic substrates 
(discussed in Chap. 2). As mentioned above, CNFs were used as a component in 
CCEs in order to improve the characteristics of these liquid I liquid "ion transfer" 
electrodes [6]. Here, the immobilisation of CNFs into thin and hydrophobic silicate 
films is investigated. The hydrophobic silicate matrix is known to support redox 
liquid deposits on electrode surfaces [5, 18]. In addition, novel 7 nm diameter 
hydrophobic Si02 nanoparticles are employed to prevent the aggregation of CNFs 
during the sol-gel curing process. This methodology helps to overcome CNF 
aggregation and improves the homogeneity and quality of the films deposited, which 
is a considerable improvement over a recently published sol-gel procedure [23]. 
Voltammetric measurements in aqueous and in two phase organic I aqueous media are 
reported. Firstly, the hydrophobic CNF/silica composite film modified electrodes are 
examined for the oxidation of ferrocenedimethanol in aqueous solution. Then, their 
electrochemical characterisation was performed after the modification of the 
hydrophobic mesoporous film with unsupported and supported redox liquid systems. 
Tert-butylferrocene (tBuFc) and solutions of tBuFc in 2-nitrophenyloctylether 
(NPOE) were employed. The CNF composite film is shown to have a significant 
effect on the efficiency of electrochemically driven ion transfer processes at liquid I 
liquid interfaces. 
4.2. Experimental 
4.2.1. Chemicals 
Methyltrimethoxysilane (MTMOS) (99 %) and t-butylferrocene (tBuFc) (98 %) 
(ABCR); ferrocenedimethanol (FcDM) (Aldrich); 2-nitrophenyloctylether (NPOE) 
(99+ %) and tetraoctylarnmonium perchlorate (TOAP) and (C4H9)4NBr (Fluka); NaF, 
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NaSCN, KBr, KCl, KSCN, KCl04, and KN03 (analytical grade) (POCh); and KPF6 
(98+ %) (Merck) were obtained commercially and used without further purification. 
Tetrabutylammonium perchlorate (TBAP) was prepared by the metathesis of 
(C4H9)4NBr with HCl04 in water. The product was recrystallised twice from water 
and dried under reduced pressure at lOO °C for 24 h. Hydrophobic Si02 nanoparticles, 
Aerosil R812 (d = 7 nm), were obtained from the ETC Group. Water was filtered and 
demineralised with an ELIX system (Millipore). For further details see Chap. 2.2.1. 
4.2.2. Instrumentation 
Differential pulse voltammetry, as well as cyclic voltammetry were performed with an 
Autolab (Eco Chemie) electrochemical system. For further details see Chap. 2.2.2. 
4.2.3. Electrodes and Electrode Preparation 
The working electrode was an ITO or modified ITO electrode. A platinum wire (0.5 
mm diameter) counter electrode and a AgIAgCIIKCI(saturated) reference electrode 
were used. The "ion transfer" electrodes were immersed into the aqueous salt 
solutions. 
Thin films were obtained on tin-doped indium oxide (ITO) surfaces by a sol-gel 
process involving sol drop deposition and solvent evaporation. The sol was prepared 
by mixing 0.5 mL ofmethyltrimethoxysilane (MTMOS) with 0.75 mL of methanol. 
After the addition of 50 ilL of 11 M HCl the mixture was sonicated for 2 min. 
Following this, the stock sol solution was diluted 1:10 with methanol and sonicated 
for a further 2 min. Then 10 mg of the hydrophobic Si02 nanoparticles and 40 mg of 
CNFs were added and the mixture was further sonicated for 2 min. The resulting 4 ilL 
of mixture was immediately placed onto the ITO support. The electrode area was 
defined by masking off a 0.2 cm2 area with Scotch tape. The electrode was dried 
overnight at room temperature. Further electrode modification was carried out by 
placing 4 ilL of redox liquid (tBuFc diluted with hexane) onto the electrode surface. 
Other experiments utilised 0.5 ilL of tBuFc solution in NPOE, which was deposited 
directly. These electrodes, with redox liquid deposits, can be re-used after an 
experiment by carrying out a simple rinsing step. 
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4.3. Results and Discussion 
4.3.1. Electrochemical Processes at Hydrophobic Carbon NanofibrelSilica Film 
Electrodes in Aqueous Solution 
The CNFs have to be broken up, or dispersed effectively, in order to form a 
homogeneous suspension for film deposition. It was observed that the addition of 
silica particles of 7 nm diameter improved the CNF solubilisation and prevented the 
aggregation of CNFs during the sol-gel curing process. By casting a suspension of 
MTMOS, in acidified methanol containing Si02 nanoparticles and CNFs (1:4 weight 
ratio), stable high-quality films suitable for electrochemical measurements were 
obtained. Typical FEGSEM images of these hydrophobic CNF/silica films, prepared 
on ITO substrates, are shown in Fig. 4.1. 
Figure 4.1. Typical FEGSEM images of the surface of hydrophobic CNF/silica films on ITO substrates 
at (A) low, (B) intermediate, and (C) high magnification. 
At low magnification globular deposits of up to 100 I!m diameter can be seen. Closer 
inspection (see Fig. 4.1 (B) and (C» reveals the presence of densely packed carbon· 
nanofibres and silica nanoparticles. Both particles and fibres are clearly visible in Fig. 
4.1 (C) and the structure can be seen to be essential1y mesoporous. The addition of 
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hydrophobic Si02 nanoparticies is crucial to reduce the size and increase the 
homogeneity ofthe aggregates. 
In order to study the electrical and electrochemical properties of the CNF/silica 
composite films, voltammetric experiments with a solution of 0.001 M 
ferrocenedimethanol in aqueous 0.1 M KN03 were undertaken. Ferrocenedimethanol 
is water soluble and undergoes a reversible one electron oxidation at a midpoint 
potential of Emid = 0.25 V vs. AglAgCI (sat. KCI) (see Eq. 4.1). 
<@;JH 
I 
Fe 
~H 
-e-
-
--+e-
(4.1) 
The shape of the cyclic voltammograms obtained during continuous scanning of the 
potential (0.01 V S·I) applied to the CNF/silica modified ITO electrode in the presence 
of ferrocenedimethanol in aqueous solution indicates the characteristics of a partially 
blocked electrode (Fig. 4.2, solid line). The characteristic capacitive current generally 
seen for a carbon nanofibre electrode is not observed. 
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Figure 4.2. Cyclic voltammograms for the oxidation of 0.001 M ferrocenedimethanol in 0.1 M 
aqueous KNO, at (i) a bare ITO electrode (surface area 0.02 cm') at a scan rate 0.01 V s' (dashed line) 
and (ii, iii) hydrophobic CNF/silica film modified ITO electrodes (surface area 0.02 cm') at scan rates 
of(ii) 0.01 and (iii) 0.001 V s' (solid lines). 
The typical sigmoidal cyclic voltammogram shape is clearly seen at slower scan rates 
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(0.001 V S-I) (Fig. 4.2 (iii», where ultramicroelectrode-Iike behaviour is observed. 
This perhaps surprising observation can be rationalised by assuming that the globular 
structures visible in Fig. 4.1 (A) are effectively partially insulating the electrode 
surface. They are highly hydrophobic and it is likely that they are not wetted by the 
aqueous solution. The remaining electrode area acts as an assembly of 
ultramicroelectrodes with mixed diffusion (planar and spherical). The smaller current 
in comparison to an unmodified ITO electrode (Fig. 4.2 (i» also indicates substantial 
blocking of the active ITO surface by the hydrophobic CNF/siJica matrix. It will be 
shown that after wetting with organic solvents, the porous CNF structure is 
electrochemically active; significant effects are observed in the cyclic 
voltammograms due to the presence of the high surface area CNFs. 
4.3.2. Electrochemical Processes at Hydrophobic Carbon N anofibre/Silica Film 
Electrodes with a Liquid Tert-butylferrocene Deposit and Immersed in Aqueous 
Solution 
Next, the hydrophobic electrodes were modified with organic liquids pnor to 
measurement in aqueous solution. The CNF/siIica film modified ITO electrodes were 
modified with well-defined amounts of the redox liquid tert-butylferrocene (tBuFc) by 
solvent evaporation of a solution in n-hexane. The resulting electrodes, when 
immersed in aqueous 0.1 M NaC104 solution, allow the oxidation of tert-
butylferrocene, accompanied by the transfer of the perchlorate anion from the aqueous 
into the organic phase, to be observed (Eq. 4.2). 
~ 
I 
Fe +CI0.:i(aq) 
~ 
-e-
o 
~ 
I 
Fe+ + CI0.:i(org) 
~ (4.2) 
The cyclic voItammograms obtained with this tBuFc liquid modified electrode 
(modified with 1960, 196, 19.6, and 7.2 nmoI) are presented in Fig. 4.3. 
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Figure 4.3. Cyclic voltammograms (3'" scan, scan rate 10 mV S·I) obtained for the oxidation oftBuFc 
immobilised in a hydrophobic CNF/silica film modified ITO electrode (surface area 0.02 cm2) 
immersed in aqueous 0.1 M NaCIO, with (i) 1960, (ii) 196, (iii) 19.6, and (iv) 7.2 nmo1 oftBuFc. 
Substantial voltammetric signals are observed. The CNF/silica film strongly enhances 
the signal when compared to films without CNFs or at a bare ITO electrode, see 
below. Two important effects can be seen from these data. Firstly, the hydrophobic 
CNF/silica film is electrochemically active and electrically connected to the ITO 
substrate. Secondly, for a larger amount of redox liquid deposit a larger electrical 
charge passes during a single scan. However, this dependence is not linear and higher 
conversion efficiency is observed at lower coverage. This behaviour is probably 
connected with the development of triple phase junctions at the carbon nanofibre I 
tert-butylferrocene I aqueous electrolyte interface, which is expected to be more 
extended for a smaller amount of deposit. The efficiency of the electrode process 
(calculated for the 3rd scan with a scan rate of 10 mV sol), determined as the ratio of 
the anodic charge (Q.) to the electrical charge corresponding to the complete 
electroxidation of the deposit (Qc.lc), increases going from the largest to the smallest 
amount of deposit with ~ = 2,5, 12, and 32 % for 1960, 196, 19.6, and 7.2 nmol 
Qcalc 
tBuFc, respectively. 
The ratio of the anodic charge, Q., to the cathodic charge, Qc, corresponding to the 
reversibility of the electrode process (Eq. 4.2), also decreases going from larger to 
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smaller amounts of deposit with Q, = 2.4, 1.4, 1.3, and 1.5 for 1960, 196, 19.6, and 
Qc 
7.2 nmol tBuFc, respectively. This suggests that perchlorate anion transfer is more 
efficient and side reactions such as the expulsion of tert-butylferricinium into the 
aqueous phase can be avoided. As a result, the voltanunograms are unstable during 
subsequent potential cycles for the two largest amounts of deposit and a decrease in 
the peak current is observed. 
Fig. 4.4 shows stable cyclic voltanunograms for the oxidation of 19.6 nmol tBuPc 
immobilised in the hydrophobic CNF/silica film at various scan rates. 
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Figure 4.4. Cyclic voltammograms (scan rate (i) 0.16, (ii) 0.08, (iii) 0.04, (iv) 0.02, (v) 0.01, and (vi) 
0.005 V SI) obtained for the oxidation of 19.6 runol tBuFc immobilised in a hydrophobic CNF/silica 
film modified ITO electrode (surface area 0.02 cm') immersed in aqueous 0.1 M NaCIO •. 
It can be seen that although at slower scan rates a well-defined response, with only 
slightly increased peak-to-peak separation, is observed, at faster scan rates the 
voltanunetric response becomes very broad. It can be seen that the time constant for 
the electrode is slow, from the shape of the curves at the reversal potential. Both the 
substantial surface area of the carbon nanofibres and resistance in the electrical 
contact between CNFs and ITO substrate may contribute to this effect. 
In these experiments, no electrolyte was initially added to the redox liquid deposit. 
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Therefore, the electron transfer processes occur at the triple phase junction and the 
extent of this triple phase junction is the major factor affecting the efficiency of redox 
liquid based electrode processes. Fig. 4.5 shows a comparison of the voltammograms 
obtained for the oxidation of 19.6 nmol tBuFc immobilised in (i) a hydrophobic 
CNF/silica film and (ii) a similar film without CNFs. 
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Figure 4.5. Cyclic voltammograms (scan rate 0.01 V s') obtained for the oxidation of 19.6 nmol tBuFc 
immobilised in (i) a hydrophobic CNF/silica film and (ii) a similar film without CNFs, deposited onto 
ITO substrates (surface area 0.02 cm') and immersed in aqueous 0.1 M NaCIO •. 
Scan (i) is stable for several potential cycles in contrast to scan (ii). The presence of 
CNFs contributes to the high efficiency of the electrode process. Therefore, the 
presence of a high surface area due to CNF immobilisation seems to create a much 
more extended electrode I tBuFc I aqueous electrolyte triple phase junction. Moreover, 
the presence of CNFs contributes to the stability of the voltammetric response over 
several potential cycles (Fig. 4.6). 
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Figure 4.6. Cyclic voltammograms (I ", 2,d, 3,d, 4th, and 20" scan, scan rate 0.01 V s') obtained for the 
oxidation of 19.6 nmol tBuFc immobilised in a hydrophobic silica film without CNFs deposited onto 
ITO substrates (surface area 0.02 cm') and immersed in aqueous 0.1 M NaCIO •. 
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The rapid decrease in the peak current for tBuFc oxidation in the absence of CNFs 
indicates that the expulsion of tBuFc + into the aqueous solution and the loss of active 
material from the electrode play a significant role. It is possible that the presence of 
CNFs creates a more extended hydrophobic interface with sufficient electrical 
conductivity to give stable voltammetric responses. The stabilising role of the CNF 
film deposits can also be discussed based on the experimental results, which showed 
that large amounts of deposit result in unstable voltammetric behaviour (Fig. 4.3). In 
that case the mesoporous structure was "flooded" with redox liquid, re-deposition of 
tBuFc+(aq) after reduction is less likely, and its loss during oxidation is predominant. 
4.3.3. Electrochemical Processes at Hydrophobic Carbon Nanofibre/Silica Film 
Electrodes with a Tert-butylferrocene in 2-Nitrophenyloctylether Deposit, with 
and without Supporting Electrolyte 
Subsequently, solutions of tBuFc in 2-nitrophenyloctylether (NPOE, a highly water-
insoluble solvent) are studied rather than the pure tBuFc liquid. In this way currents 
can be kept low and anion transfer processes are easier to measure. An attempt to 
immobilise 5 ~l of a 0.Q1 M tBuFc solution in NPOE onto hydrophobic CNF/silica 
modified ITO electrodes resulted in irreversible and unstable voltammetric responses 
(Fig. 4.7). 
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Figure 4.7. Cyclic voltammograms (1", 2,d, 5th, and 10th scan, scan rate 0.01 V s") obtained for the 
oxidation of 0.5 JlL of O,oi M tBuFc solution in NPOE immobilised in a hydrophobic CNF/silica film 
deposited onto ITO substrates (surface area 0.02 cm') and immersed in aqueous 0.1 M NaClO •. 
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The efficiency of the electrode process is much lower than that for the pure redox 
liquid. It decreased from 4 % to less than 0.4 % (after correction for background 
current) during the first 10 potential cycles. Furthermore, with this amount of deposit, 
the CNFs in the composite film did not contribute to the background current, and 
therefore, seemed to be inactive. This can be explained by the "flooding" of the 
mesoporous structure with effectively insulating NPOE liquid with electrochemical 
reactivity in only smaJI regions within the triple phase junction. Therefore, the use of 
a supporting electrolyte within the organic NPOE phase was considered. 
Two types of supporting electrolyte, tetrabutylammonium perchlorate (TBAP) and 
tetraoctylammonium perchlorate (TOAP), were added into NPOE at a 0.1 M 
concentration and compared. In the presence of supporting electrolyte in the organic 
phase, both the Faradaic and capacitive currents observed for the hydrophobic 
CNF/silica film electrodes increase by approximately one order of magnitude (in 
comparison to the unsupported system). The voltammograms shown in Fig. 4.8 
demonstrate the effect of the high CNF surface area on the capacitive current and the 
enhancing effect of the CNF film on the Faradaic current for tBuFc oxidation. Both 
TOAP and TBAP gave similar effects. 
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Figure 4.8. Cyclic voltammograms (5th scan, scan rate O.o! V S·I) obtained for the oxidation of (i) 0.5 
ilL of O.o! M tBuFc and 0.1 M TOAP solution in NPOE (dotted) and (ii) the same solution in the 
absence of tBuFc (dashed) innnobilised in a hydrophobic CNF/silica film film deposited onto ITO 
substrates (surface area 0.02 cm') and immersed in aqueous 0.1 M NaClO •. (iii) The solid line 
corresponds to the same experiment performed with a bare ITO electrode. 
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For supported ionically conductive systems the existence of a triple phase junction is 
not a prerequisite and the locations for electron transfer (electrode I NPOE junction) 
and for ion transfer (NPOE I aqueous electrolyte junction) become separated. The 
observed voltanunograms are much more stable and the electrode process efficiency 
decreased from 27 % to only 14 % during 10 potential cycles at a scan rate of 10 m V 
S-I. Most of the electrogenerated tBuFc + cations are not in direct contact with the 
aqueous solution phase and therefore they remain in the organic phase. The role of the 
extended surface of the CNFs in the electrode process is important as can be seen 
from the comparison of the peak currents for voltanunograms obtained in the 
presence, and in the absence, of the hydrophobic CNF/silica film (Fig. 4.8 (i) and 
(iii». The capacitive currents for CNF modified electrodes are significant due to good 
wetting of the CNFs by the NPOE solvent and the presence of supporting electrolyte 
in the organic phase. 
Subsequently, the hydrophobic CNF/silica electrode was used to study a wider range 
of anion transfer reactions across the NPOE I water interface, generated by the 
immobilisation of a solution of tBuFc in NPOE with supporting electrolyte. The 
contribution of the capacitive currents, due to the high surface area of the CNF 
material, was suppressed by employing differential pulse voltanunetry. In Fig. 4.9, 
typical differential pulse voltanunograms for the oxidation of 10 mM tBuFc in 0.1 M 
TOAP NPOE solution, obtained at an ITO electrode modified with a hydrophobic 
CNF/silica film and immersed in various aqueous electrolytes, are shown . 
••• 
'.0 Br 
1 3.' 
-... 
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2.' 
0.1 0.2 0.3 0.4 0.5 0.6 0.7 
EIV vs. AglAgCl (sat. KCI) 
Figure 4.9. Differential pulse voltammograrns (step potential O.OtV, modulation amplitude 0.01 V, 
modulation time 0.05 s, interval time t s) for the oxidation of 0.5 ~L of 0.01 M tBuFc solution in 
NPOE immobilised in a hydrophobic CNF/silica film deposited onto ITO (0.02 cm') and immersed in 
aqueous 0.1 M KPF" KeIO., KEF., and KEr. 
115 
I 
• 
Well-defined peaks are observed for the transfer of the more hydrophobic anions with 
broadened peaks for the hydrophilic anions. The characteristic shift in peak potential, 
Epeak, clearly indicates that anion transfer dominates the overall process. For a coupled 
electron/ion transfer reaction (Eq. 4.3) the peak potential of the differential pulse 
voltammogram, Epeak, is expected to show a Nemstian dependence on the aqueous 
electrolyte concentration, c x-' since to a first approximation the activities in the 
Nemst equation can be replaced by concentrations [8, 13], 
• 
E = EO + ~NPOE ° + RT In + RT I CtBuFC .. 
peak tBuFe:" I tBuFca'i aq ({J X- F C X- F n 2 (4.3) 
In this equation EO. o. I. 0 is the standard redox potential for the tBuFc +/tBuFc 
t urC~ t ureo" 
couple in organic solution, ~~;:E 91~- - is the standard transfer potential of anion X" 
from water into the NPOE phase, and c x- and C;FC.. denote the initial concentrations 
of X" and DMFc in the organic phase. If the reaction mechanism is formally given by 
Eqs. 4.1 and 4.2, one would expect a linear plot of EO. o. I. 0 vs. ~~qPOE 91xo. with t urCorg t U'"Core 
unit slope for measurements of a range of different anions. 
The decrease of the slope from a value close to the theoretical value, to much lower 
values, can be seen for the more hydrophilic anions, from the voltammetric data 
obtained in four different electrolytes (Fig. 4.1 0 (A». 
This effect is much more striking for TBAP solutions than for TOAP solutions in 
NPOE. Therefore, it is likely that cation transfer, with tetrabutylammonium or 
tetraoctylammonium being transferred, from the organic to the aqueous phase is 
important. Since the transfer potentials for nitrobenzene (NB) are known for a wider 
range of anions, these were employed for further data analysis. The tabulated values 
of the standard transfer potentials of X" from water to nitrobenzene (~~: 91~- ) were 
used [24]. This procedure is justified because of the dominant effect of anion 
solvation in water compared to solvation effects in the organic phase. 
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Figure 4.10. Plot of the peak potential from differential pulse voltammograms, Ep. ... versus the 
standard transfer potential for anion transfer (A) from aqueous media to nitrophenyloctylether (NPOE) 
/',.~~E q1~_ and (B) to nitrobenzene (NB) /',.~~q1~_. Ep"k values were detennined from differential 
pulse voltammograms for the oxidation of 5 ilL of om M tBuFc and 0_1 M TOAPffBAP solution in 
NPOE immobilised in a hydrophobic CNF/silica film deposited onto ITO substrates and immersed in 
aqueous 0.1 M electrolyte solutions_ The sequence of anions is indicated and the dotted line 
corresponds to the ideal Nernstian behaviour for a simple anion transfer process. 
Fig. 4.1 0 (B) shows a plot with data from a wider range of anions. An almost linear 
dependence of E peak VS. /',.~: q1~_ , with a slope close to unity, can be seen from the 
hydrophobic PF6- to the relatively hydrophilic Cr. A deviation from this dependence 
is only seen for the most hydrophilic anion, F, and in the presence of 
tetrabutylammonium cations, indicating the important contribution of cation ejection. 
The broad shape of the differential voltammograms for the more hydrophilic anions 
may be interpreted as the effect of competing reaction mechanisms involving two 
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different pathways: (i) transfer of the anion from the aqueous to the organic phase or 
(ii) transfer of the electrolyte cation from the organic to the aqueous phase. 
Komorsky-Lovric et al. reported similar effects for electrolytes dissolved in an 
electrochemically active organic phase [25]. They deposited small droplets of 
nitrobenzene solutions onto paraffin impregnated graphite electrodes. The effect was 
also observed recently for droplet deposits of redox probe solution in room 
temperature ionic liquids [9]. 
4.4. Conclusions 
Films of a hydrophobic carbon nanofibre/silica composite were prepared using a sol-
gel methodology. The benefit of adding silica nanoparticles to the films was noted and 
the resulting thin film electrodes on ITO were characterised with voltammetric 
techniques. The electrodes, when immersed in purely aqueous solution, seem to have 
gas trapped in the hydrophobic mesoporous structure and partial blocking of the 
electrode was observed. In contrast, when the electrodes were wetted with organic 
redox liquids, such as tBuFc or solutions of tBuFc in NPOE, well-defined 
voltammetric responses were observed and the effect of the CNFs on the 
voltammetric signal was clearly seen. The efficiency of the electrode process on such 
hydrophobic film electrodes was considerable, if the volume of organic phase was 
adjusted, appropriately. The presence of the CNFs stabilised the voltammetric 
response for the oxidation oftBuFc during continuous potential cycling. The effect of 
adding electrolyte into the organic phase was dramatic and good quality ion transfer 
data for a wide range of anions was recorded in the presence of tetraoctylammonium 
perchlorate as the added as electrolyte. 
The above carbon nanofibre/silica thin film composite electrodes were also used in 
the study of ion transfer processes at the room temperature ionic liquid (RTIL) I 
aqueous solution interface [26]. It was shown that heterogeneously structured bulk 
modified electrodes based on a carbon particlelhydrophobic silica composite can be 
used as a support for electroactive RTILs [17]. However, these composites are not 
suitable for the formation of thin films. It has been demonstrated that hydrophobic 
CNFlhydrophobic silica composite thin films can be used successfully as a support for 
hydrophobic redox liquids in order to monitor ion transfer processes in contact with 
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aqueous solutions. These thin film composite electrodes provide an ideal porous 
support for measurements employing electroactive RTIL phases. 
Hydrophobic CNF/siIica film modified ITO electrodes were shown to give weII-
defined voItammetric signals and to support solutions of a redox probe in a 
hydrophobic ionic liquid. The presence of the hydrophobic CNF/siIica film enhances 
both the capacitive background and the magnitude of the Faradaic current response . 
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Chapter 5 
Copper/Carbon Nanofibre Co-deposition 
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5.1. Introduction 
The first recorded discovery of copper electrodeposition was the work of Bessemer. 
In 1831, he plated castings by immersion in a copper sulphate solution contained in a 
zinc tray. Electroplating from an external current source quickly folIowed the 
development of the DanielI celI in 1836 and from 1840 the electrodeposition of 
copper from sulphate and cyanide baths became widespread. Further information 
regarding the development of copper plating can be found in Greenwood's 
publication [1]. 
Lowenheim covered the fundamental principles of electroplating extensively as welI 
as dealing with the specific details relating to various electrodeposited metals 
including copper, where the particulars of various electrolytes are considered [2]. 
Similarly, Pinner described various copper electrolytes, coating applications, methods 
of surface preparation, and also gave details for deposit testing and electroplating bath 
control [3]. 
Copper is a relatively soft and ductile metal and combines readily with other metals to 
produce alIoys, e.g., brasses and bronzes [4]. It has good electrical and thermal 
conductivities. It is widely used for both decorative and industrial purposes. 
Copper had long been recognised as superior to aluminium for the wiring of 
microelectronic chips, but chips with copper interconnect were not successfulIy 
developed until mM's 1997 announcement and their subsequent production of the 
industry'S first copper interconnect chips in 1998 using the dual-damascene 
manufacturing process, setting in motion the copper generation [5]. The damascene 
process, an electroplating technique, leads to void free deposition in trenches [6]. The 
advantage of using copper, as an alternative metaIIisation material to aluminium and 
aluminium alIoys, is due to its Iow resistivity and ability to reliably carry high current 
densities [7]. Copper also exhibits an order of magnitude improvement in 
electromigration characteristics relative to aluminium alloys, due to its higher melting 
point and atomic weight [8]. 
Copper has many recent technological applications. Current research includes the 
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formation of a diamond/copper composite, which could prove useful in electronic 
packaging. As the level of integration of ICs (integrated circuits) continues to 
increase, thermal considerations have become more important due to the effect of heat 
on the reliability of electronic parts. Materials are required that exhibit the appropriate 
thermal conductivity to allow for the efficient cooling of the ICs. Yoshida et al. 
prepared a diamond/copper composite using high pressure sintering technology [9]. 
The composite has a high thermal conductivity and the coefficient of thermal 
expansion could be tailored according to the semiconductor material in the electronic 
device. 
There have been various attempts at utilising carbon nanofibres in IC applications 
with the aim of improving the thermal and electronic properties. Vertically aligned, 
free standing CNF arrays were fabricated on silicon wafers [10]. Copper 
electrodeposition was used to create a CNF/Cu composite array. The mechanical 
strength and efficient interfacial heat conduction of the CNF/Cu composite array 
makes it suitable for next-generation heat-sink devices, with potential for use in IC 
packaging. Lin et al. studied the high temperature degradation of a carbon fibre 
reinforced copper composite formed by hot pressing a stack of mono layers of Cu 
coated carbon fibres, which were aligned and woven with Cu wire [11]. This type of 
composite is of interest due to its promising high thermal conductivity relevant in 
hypersonic and power systems for space exploration. 
A series of copper/graphite materials produced by powder metallurgy, which 
exhibited a self-lubricating function were developed by He et al. [12]. This effect was 
achieved by the formation of a carbonaceous layer on the counterparts surface. One of 
the aims of the development of this type of material is for application in pantograph 
strips for railway power connection systems, with the possibility of reduced wear and 
therefore maintenance costs, and an improvement in the power transmission 
efficiency. Electrodeposition was used in conjunction with hot pressing to fabricate a 
PAN (polyacrylonitrile) carbon fibre reinforced copper composite [13]. The effects of 
the hot-pressing temperature, pressure and duration, and the reinforcement content, on 
the properties ofthe composite were investigated. 
Carbon nanotube/copper composite electrodes based on the co-mixing of CNT and Cu 
124 
powders within mineral oil were prepared by Wang et al. [14]. The electrode was used 
for improved amperometric detection of carbohydrates following their capillary 
electrophoresis microchip separations. The composite electrode displayed enhanced 
sensitivity compared to detectors based on copper or CNTs alone. 
There is great interest in metal matrix composites reinforced with carbon nanofibres 
due to their superior mechanical, thermal and electrical properties. Carbon nanofibre 
reinforced copper composites were fabricated using the liquid infiltration process 
[15]. The tensile strength increased twofold with 13 % added carbon nanofibres, 
despite the weak chemical bonding between the carbon and copper. 
A useful route to metal/carbon nanofibre composite deposits is via electro-co-
deposition. In the current work, an acidic copper electrodeposition bath was 
investigated by cyclic voltammetry, FEGSEM, and quartz crystal microbalance 
(QCM) studies. It was hoped that FEGSEM imaging would provide evidence for the 
incorporation of carbon nanofibres as well as information on the structure and surface 
morphology ofthe deposit. 
The study of metal/carbon nanofibre co-deposition by QCM has not been previously 
reported. Copper metal was chosen due to its high current efficiency and lack of side 
reactions, e.g., hydrogen evolution. As a result, all current passed is associated with 
metal deposition. The aim of the QCM studies was to monitor any mass changes 
associated with the deposition process and any differences between the process in the 
absence and presence of carbon nanofibres, Le., mass changes associated with the co-
deposition of the carbon nanofibres. The co-deposition experiments are reported here 
with evidence for the co-deposition of copper metal with carbon nanofibres. The 
determination of the mass of deposit per mole of electrons passed is used as a novel 
probe for indication of CNF incorporation in the co-deposit. 
5.2. Experimental 
5.2.1. Chemicals 
Poly acrylic acid (partial sodium salt, Mw 5000) and CuS04.5H20 (Aldrich); HN03 
(70 %), and H2S04 (98 %) (Fisher) were obtained commercially and used without 
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further purification. 
5.2.2. Instrumentation 
The carbon nanofibre growth, voltamrnetry experiments, ultrasound agitation, and 
electrode analysis were performed as described earlier. For further details see Chap. 2. 
Quartz crystal microbalance experiments were conducted with a home-made 
oscillator based on an Oxford Electrodes oscillator circuit and a Fluke PM6680B 
counter at a 10 MHz AT-cut gold-coated oscillator quartz crystal, Fig. 5.1. 
~ 
L.L..: 
Figure 5.1. Schematic drawing of a quartz crystal resonator with a gold electrode evaporated onto the 
surface. 
The quartz crystal was mounted in a Faraday cage to minimise electrical noise 
interference. The analogue output of the counter was fed into the ADC input of an 
Autolab potentiostat system (Eco Chemie, Netherlands) with data processing made 
possible with GPES software (Eco Chemie, Netherlands). 
Solution phase experiments were carried out with the crystal mounted in the wall of a 
specially made glass cell (volume 20 mL). Using this setup, only one face of the 
crystal was immersed in solution and frequency changes as a function of 
concentration could be recorded as a function of time and potential. Magnetic stirrer 
agitation was used to control and stabilise mass transport to the crystal sensor. 
5.2.3. Electrode Preparation 
For the electrodeposition experiments, the working electrode was a mild steel cathode 
with an exposed area of 5 cm2• Electrode preparation consisted of washing with 
detergent and then rinsing with distilled water and ethanol. The electrode was then 
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degreased electrochemically using the following solution: NaOHINllzCO/NlI:lP04, 
which leads to the evolution of H2. The final step involved immersing in HCI and 
rinsing with distilled water. The cathode was dried in hot air between each step and 
after final rinsing. 
For the voltammetric investigations, mild steel electrodes with a well-defined 
electrode area (ca. 5 mm diameter disc, defined with insulating tape, cleaned as 
above) or glassy carbon disc (BAS, 3 mm diameter), contacted with a crocodile clip, 
were employed as working electrodes. A saturated calomel electrode (SCE) served as 
the reference and platinum gauze as a high surface area counter electrode; variations 
are noted in the text, as appropriate. 
5.2.4. Plating Bath Composition 
A conventional plating bath fonnulation was employed in order to study the co-
deposition process with carbon nanofibre materials. The following bath composition 
and conditions were investigated. 
Copper Bath 
An acid copper bath with the following constituents was used: 
212 g!L (0.85 M) CuS04.5H20 
54 g!L (0.55 M) H2S04 
2 g!L as-grown CNF 
pH I 
(+ 2 x 10 -5 M poly acrylic acid, where stated) 
Two fonns of CNF, either as-grown or oxidised, were used for the experiments 
described in this chapter. The as-grown fibres are hydrophobic and were used either 
mechanically ground or sonicated with poly acrylic acid, P AA. The P AA was used as 
an additive to aid the fonnation of a suspension of as-grown CNFs by the interaction 
of the hydrophobic polymer backbone with the CNFs, Fig. 5.2. When sonicated the 
CNFs disperse well in the electrodeposition solutions. 
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lCOOH 
Figure 5.2. Repeating unit in poly acrylic acid. 
The oxidised fibres, produced as described in Chap. 2.4, are hydrophilic, i.e., more 
water-soluble. They formed very stable suspensions in alkaline plating baths and less 
stable ones in acidic baths, the fibres settling out after 1-2 h. 
5.2.5. Plating Bath Agitation 
Two methods of agitation were investigated: 1) a conventional magnetic stirring 
instrument and 2) ultrasound agitation. The ultrasound method provided very fast 
interfacial mass transport conditions induced by macro- and micro-streaming, and 
lead to the removal of gas bubbles, discussed in more detail in Chap. 1. 
P AA containing solutions were agitated ultrasonically for 30 min. prior to 
electrodeposition. A conventional magnetic stirring instrument was used for solution 
agitation during electrodeposition. 
5.3. Electrodeposition of Copper and Copper/Carbon Nanofibre 
Composites 
5.3.1. Voltammetry of Copper Electrodeposition from Acidic Solution 
Firstly, the electrodeposition of copper on mild steel and glassy carbon electrodes was 
studied using cyclic voltammetry, Fig. 5.3, in acidic solution, 0.85 M CuS04.5H20, 
0.55 M H2S04, pH 1. The JjJ value for the reduction of copper is 
Cu2+ + 2e' -+ Cu If1 = 0.3419 V (SHE) (5.1) 
At a mild steel electrode, Fig. 5.3 (A), immediate electrodeposition was observed due~ 
to the dissolution of iron. The voltammetric responses shown in Fig. 5.3 (A) are 
therefore consistent with electrodeposition of copper onto copper. The potential of 
zero current is observed at 0.05 V vs. SCE. 
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Figure 5.3. Cyclic voltammograms recorded at (A) mild steel (0.28 cm2) and (B) at a 3 mm diameter 
(0.07 cm2) glassy carbon electrode (successive scans), 100 mV s", 0.85 M CuSO •. 5H20, 0.55 M 
H,SO., pH 1. 
At glassy carbon electrodes, Fig. 5.3 (B), the deposition process commences at a 
potential of 0.05 V vs. SCE and leads to the formation of copper metal. In Fig. 5.3 (B) 
the potential scan is successively reversed at three different values (- -0.3, -0.2, -0.1 
V vs. SCE) and the amount of copper metal deposited varies accordingly; the amount 
of charge observed is dependent on the lower potential limit with the most charge 
seen for a limit of -0.3 V vs. SCE. A well-defined stripping response is detected after 
reversing the scan direction and scanning the potential positive of 0.05 V vs. SCE. 
The deposition process is not affected by the scan rate or agitation due to the high 
concentration of Cu2+ available at the electrode surface, i.e., it is not mass transport 
limited. The deposition process is entirely dominated by the deposition kinetics, 
following ion diffusion to the electrode. An important detail in these voltarnmetric 
responses is the current loop observed during deposition of copper onto carbon, Fig. 
5.3 (B). The current loop observed is caused by the relatively slow nucleation of 
copper on carbon, compared to copper on copper, due to the poor contact between the 
carbon and metal. The deposition current is initially low and increases after reversal 
of the scan direction. This is an indication of a nucleation and growth type process, 
where copper is preferentially plated onto copper. A nucleation overpotential is 
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responsible for slow electrodeposition onto the inert carbon cathode. 
5.3.2. Electrodeposition of Copper/Carbon Nanofibre Composites 
Electrodeposition experiments were then conducted on mild steel electrodes, utilising 
both a conventional stirrer and ultrasound agitation. On visual inspection the Cu2+ 
ions in solution appeared to facilitate the dispersion of as-grown CNFs in the aqueous 
electrolyte and therefore as-grown CNF material was used directly rather than 
oxidised CNFs. The images in Fig. 5.4 show typical copper growths for a stirred 
copper plating solution in the presence of carbon nanofibres. 
Figure 5.4. FEGSEM images of the copper/CNF composite formed with conventional stirring at a mild 
steel electrode, 0.85 M CuSO •. 5H,O, 0.55 M H,S04, 2 g L't CNF, -0.1 A, 1800 s. 
The lowest magnification image, Fig. 5.4 (a), on the top left shows the bulk deposit 
with characteristic surface nodules. The FEGSEM images in (b) and (c) show higher 
magnification images of the bulk of the deposit and of the nodules on the surface, 
respectively. The bulk image, (b), shows the growth of relatively small copper 
crystals in the background. More interesting is the FEGSEM image in (c), which 
shows the nodular growths, clearly illustrating the growth of larger copper crystals 
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with the incorporation of the CNF. The final image, (d), is a higher magnification 
image of the nodules showing CNF incorporation more clearly. From these images it 
can be concluded that carbon nanofibres are inter-grown into the copper deposit. The 
fact that copper growth is unfavourable on the carbon surface causes well-defined 
inclusion and easy detection of the carbon nanofibre fragments. The nodular 
characteristics of the composite growth are believed to be due to carbon nanofibre 
aggregation, which allow nodules to form. This effect will also be demonstrated and 
discussed in detail for zinc deposition processes in Chap. 6. 
Agitation is believed to strongly affect the deposition process and an attempt was 
undertaken to explore the effect of high rates of mass transport introduced by 
ultrasound. An ultrasonic horn system (1.3 cm diameter, 20 kHz, ca. 20 W cm·2, 
Chap. 2) was directed towards the electrode during growth of a copper carbon 
composite film. 
Figure 5.5. FEGSEM images of the copper/CNF composite formed on mild steel using ultrasound 
agitation, 0.85 M CuSO • .5H,O, 0.55 M H,SO., 2 g L'! CNF, -0.1 A, 1800 s. 
Fig. 5.5 shows typical images obtained for deposits grown under ultrasound 
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conditions. Generally, the coatings were less well facetted and more irregular, 
compared to those formed using stirrer agitation. Carbon nanofibres appear to be 
better integrated into the copper metal deposit. It would be expected that ultrasonic 
agitation would destroy agglomerates of carbon nanofibres and therefore could 
effectively prevent nodule formation. 
However, while the presence of incorporated CNFs can be observed in the SEM 
images, the amount of carbon nanofibre material in the co-deposit cannot be 
determined from the electron micrographs. An improved alternative method is 
required in an attempt to quantifY the amount of carbon nanofibres in the co-deposits. 
In Sec. 5.4 a novel application of the quartz crystal microbalance (QCM) will be 
introduced and demonstrated. In situ QCM monitoring of the co-deposition process 
allows the weight of carbon nanofibres co-deposited with the metal to be determined. 
The initial application of this method as a probe for the copper CNF system is 
described in detail and further experiments for its application in quantitative analysis 
are suggested. 
5.3.3. Voltammetry of Copper Electrodeposition from Acidic Solution containing 
Poly Acrylic Acid 
In addition to the deposition of copper/CNF composites from the conventional acidic 
copper electrodeposition bath, a bath containing poly acrylic acid was also 
investigated. There have been a number of reports of copper/carbon nanofibre 
composites in the literature, including those of Arai and Endo whose electrolyte 
contained poly acrylic acid, which proved useful for the homogeneous dispersion of 
the carbon nanofibres in solution, e.g., [16, 17]. More details of their work and of 
other systems used to produce copper/carbon nanofibre composites are discussed in 
Chap. 1. 
VoItammetric responses, at 100 mV s·l, in both the absence and presence of poly 
acrylic acid and at two types of electrode, namely mild steel and glassy carbon, were 
recorded. The responses at the mild steel electrode are shown in Fig. 5.6. 
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Figure 5.6. Cyclic voltammograms recorded at a mild steel electrode, 0.2 cm', (A) reduction potential 
limit varied: -1.2, -1.25, -1.3 V, (B) as (A) but with the addition of 2 x 10·' M PAA. 0.85 M 
CuSO •. 5H,O, 0.55 M H,SO., scan rate: 100 mV st. 
In the absence of poly acrylic acid, as already shown in Fig. 5.3 (A), immediate 
electrodeposition was observed at a mild steel electrode due to the dissolution of iron. 
Here, the voltammetric responses are again consistent with the electrodeposition of 
copper onto copper, Fig. 5.6 (A). The potential of zero current is again observed at 
0.05 V vs. SCE. The response on the addition of poly acrylic acid is shown in Fig. 5.6 
(B). The current observed is of the same magnitude as observed in the absence of the 
poly acrylic acid, suggesting that its presence does not have a significant affect on the 
electrochemistry of the system. 
The responses at a 0.07 cm2 glassy carbon electrode are shown in Fig. 5.7. Again, 
cyclic voltammograms were recorded in the absence, Fig. 5.7 (A), and presence, Fig. 
5.7 (B), of2 x 10 -5 M poly acrylic acid. 
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Figure 5.7. Cyclic voltanunograms recorded at a glassy carbon electrode, 0.07 cm', (A) reduction 
potential limit varied: -1.2, -1.25, -1.3 V, (B) as (A) but with the addition of2 x 10" M PAA. 0.85 M 
CuSO • .5H,O, 0.55 M H,SO., scaurate: lOO mV SI. 
In Fig. 5.7 (A) the response is as observed in Fig. 5.3 (B). The potential scan is 
reversed at three different values (- -1.2, -1.25, -1.3 V vs. SCE) and the amount of 
copper metal deposited varies accordingly. A well-defined stripping response is 
detected after reversing the scan direction and scanning the potential positive of 0.05 
V vs. SCE. The deposition process is not mass transport limited but is entirely 
dominated by the deposition kinetics. Again a current loop is observed during the 
deposition of copper onto carbon. The deposition current is initially low and increases 
after reversal of the scan direction, indicating a nucleation and growth type process, 
where as seen earlier, Fig. 5.3, copper is once more preferentially plated onto copper. 
A nucleation overpotential is responsible for slow electrodeposition onto carbon. The 
reaction is slower kinetically in the presence of P AA, i.e., a slightly higher resistance 
is observed, Fig. 5.7 (B), suggesting that there is poorer electrical contact between the 
copper nuclei and the carbon surface with the P AA present. This may be due to 
metallP AA complexation in solution or P AA adsorption onto copper nucleation sites 
on the carbon surface. While the kinetics of the process seems slower from the 
electrochemical study, the structure of the deposit may in fact be superior with the 
P AA present, since the additive could lead to an enhancement of the desired deposit 
properties, e.g., uniformity, smoothness, etc. The potentially complicated deposition 
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process for the metallP AA system is discussed further in Chap. 6. 
5.3.4. Electrodeposition of Copper/Carbon Nanofibre Composites from Poly 
Acrylic Acid containing Electrolytes 
The deposit shown in the surface FEGSEM images in Fig. 5.8 was produced from the 
poly acrylic acid containing acidic copper electrolyte with a current of -0.5 A applied 
for 60 min. 
Figure 5.8. Cu/CNF composite formed from an acidic copper electrolyte containing P AA, 0.85 M 
CuSO,.5H,O, 0.55 M H,SO, 2 x 10" M PAA, -0.5 A, 3600 S, (a) low magnification, (b) higher 
magnification. 
Large nodules of about 20 Ilm in diameter are observed, which can be seen distributed 
over the deposit surface, Fig. 5.8 (a). A higher magnification image is shown in Fig. 
5.8 (b) showing the nodular growths more clearly. On closer inspection, Fig. 5.9, the 
composite can be observed with the regular appearance of CNF dispersed in the 
crystalline copper structure. 
Figure 5.9. FEGSEM image of Cu/CNF composite formed from an acid copper solution containing 
P AA, 0.85 M CuSO~.5H,O, 0.55 M H,SO, 2 x 10" MP AA, -0.5 A, 3600 s. 
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Similar images were recorded for both the nodular protrusions and the background 
layer. This is in contrast to the observations in the absence of P AA when CNF were 
only present in the nodular growths, Fig. 5.4. This is supported by the appearance of 
the electrolyte after the addition of P AA, when the CNF were much more well-
dispersed in the solution. The following high magnification image shows the presence 
ofCNF incorporated in a copper crystal, Fig. 5.10. 
'- . ,I' 
Figure 5.10. High magnification image of Cu/CNF composite formed from an acid copper solution 
containing PAA: 0,85 M CuSO,.5H20, 0.55 M H2SO, 2 x 10·' M PAA; -0.5 A, 3600 s. 
Hence, the presence of the P AA in the electrodeposition solution appears to promote 
the inclusion of CNFs in the co-deposit, to some extent. 
The aim of the remainder of this chapter is to demonstrate the application of the QCM 
as a probe for the detection of CNF inclusion in the co-deposits. Once the proof of 
principle for its use as a detection probe is established, possible directions for 
optimisation of the technique in quantifying the amount of CNFs in a co-deposit will 
be outlined. 
5.4. Quartz Crystal Microbalance Studies 
The quartz crystal microbalance system responds to adsorption or deposition 
processes at the gold surface with a shift in resonance frequency. The theoretical 
frequency response for the resonator can be calculated from the Sauerbrey equation, 
Eq. 5.2 [18], as discussed in Chap. 1. Note that the decrease in resonance frequency 
reflects an increase in the mass of material on the crystal surface: 
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(5.2) 
In this equation !1f is the change in resonance frequency, to = 10 x 106 Hz is the 
resonance frequency of the crystal, I1m is the deposited mass, A = 0.196 cm2 is the 
area of the electrode, Po. = 2.947 X 1011 g cm-! S·2 is the shear modulus of quartz, and 
pq = 2.648 g cm-3 is the density of quartz. Based on this equation, the sensitivity of the 
quartz crystals employed is !1ml!1f = 0.87 ng Hz·!. This equation was originally 
derived for processes in the gas phase, but, as mentioned earlier, can be employed for 
solution phase studies, Chap. 1.8. Here, the deposition of copper is studied and is 
generally employed as a calibration check for the system [19]. 
5.4.1. QCM Study of Deposition from an Acidic Copper Bath 
The ability ofthe QCM to be employed in electrochemical studies (EQCM) allows for 
the recording of CV s and simultaneous mass changes at the electrode surface due to 
processes such as adsorption, eiectrodeposition, and dissolution. This setup has been 
used, e.g., to discuss the concept of massograms and to describe their application to 
electrode processes [20]. Fig. 5.11 shows a cyclic voltarnmogam for the reduction and 
oxidation of Cu from an acidic copper electrolyte and the corresponding mass data 
from the QCM. 
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Figure 5.11. Cyclic voltammogram and mass data for the oxidation and reduction of 0.8 M eu'+ at a 
gold-coated quartz crystal. 
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The negative part of the cyclic voltammogram shows the deposition of Cu at 
potentials below about 0.05 V vs. SCE and on the positive scan dissolution occurs and 
continues up to about 0.14 V. The corresponding mass data illustrates that as Cu 
begins to plate, the mass on the crystal surface increases and reaches a maximum at 
the potential of the onset of oxidation and continues to decrease until all the Cu has 
dissolved back into the solution. The mass change recorded simultaneously, is 
consistent with the deposition and stripping process. 
5.4.2. Deposition from an Acidic Copper Bath Containing Oxidised Carbon 
Nanofibres 
Both as-grown and oxidised CNF were used for the experimental QCM study. Firstly, 
oxidised CNF were added to the Cu plating bath and a deposit was grown on a Au 
coated quartz crystal resonator. Theoretically, for the deposition of Cu alone, a value 
of 31.8 g mor l of electrons is expected, since Cu reduction is a 2 e- process. The 
following plots, Fig. 5.12, consider the total mass deposited just before dissolution 
starts, as described in Fig. 5.11. 
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Figure 5.12. Plot ofthe integrated charge under the reduction signal and the maximum weight change 
as a function of the addition of between 0 and 8 g L'! of oxidised CNFs to the Cu plating bath. 
It can be seen that the presence of the carbon nanofibres affects the deposition 
process_ Both the charge and the mass increase for solutions with increasing 
concentrations of oxidised CNF, at least initially. The increasing electrode surface 
area effect of the carbon nanofibre deposit is believed to be responsible_ Charge and 
mass values increase but then level off, and dividing mass by charge and multiplying 
by the Faraday constant gives a molar mass of the deposit (in g mor! of electrons)_ 
These values are presented in Tab. 5.1. 
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ox. CNFg/L g mor' of electrons 
0 31.8 
1 32.8 
2 32.2 
4 32.2 
8 31.5 
Table 5.1. Mass of deposit per mole of electrons at vanous concentrations of oxidised CNF. 
These values are almost constant suggesting little or no carbon incorporation in the 
case of oxidised carbon nanofibres. This may be caused by a number of factors. The 
lack of apparent incorporation of nanofibres is possibly due to preferential copper 
deposition. However, due to the difference in molar mass between copper and carbon, 
it is also a possibility that there could be some carbon incorporation that goes 
undetected by the quartz crystal microbalance technique. 
Since these experiments are intended to act as a demonstration of the application of 
the QCM as a probe for the detection of CNFs in co-deposits and the results from the 
above table are inconclusive (although the SEM images show CNF inclusion), a 
further investigation was undertaken using as-grown CNFs. 
5.4.3. QCM Study of Deposition from an Acidic Copper bath with as-grown 
Carbon Nanofibres 
Following on from the previous section, the experiments were repeated with as-grown 
carbon nanofibres. These were surprisingly dispersable in the presence of Cu2+ cations 
and could be used without the addition of surfactants. For the case of the as-grown 
CNF, both the mass and charge appear to increase with increasing additions of CNF 
to the solution, Fig. 5.13. 
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Figure 5.13. Plot of the integrated charge under the reduct ion signal and the maximum weight change 
as a funct ion of the addition of between 0 and 8 g L" ofas-grown CNFs to the Cu plating bath. 
Unlike the case of the oxidised CNFs, a clear increase in both charge and weight of 
deposit are observed with higher carbon concentrations causing greater effects. It is 
likely that the increase in charge is associated with charging occurring at the 
incorporated CNFs. Again, the molar weight of deposit per electron is determined. 
As-grown CNF g/ L g mor' of electrons 
0 3 1.8 
I 28.8 
2 31.6 
4 35.1 
8 37.5 
Table 5.2. Mass of deposit per mole of electron s at variOus concentratIOns of as-grown CNF. 
Nevertheless, taking the molar weight per electron value with 0 g/L as-grown CNF in 
solution as the baseline, it appears that a clear increase in the molar weight per 
electron was detected. This suggests that more and more carbon was incorporated as 
the carbon nanofibre concentration was increased. The experiments with the as-grown 
CNFs demonstrate that the QCM may be applied as a probe for the detection ofCNFs 
in co-deposits. The quantitative results obtained with the QCM system are in 
agreement with qualitative results obta ined by SEM. 
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Figure 5.14. With the addition of 8 g!L of unoxidised CNF to the Co bath the following data was 
recorded. (a): cyclic vo1tammogram, I vs. E; (b): massogram, dmldt vs. E; (c) = (b)/(a), (dmldt)/(dQ/dt) 
vs. E. 
From Fig. 5.13, the addition of8 gIL ofunoxidised CNF gave a value of34 g mor l of 
electrons for the deposit. This value was calculated from the peak maximum as shown 
earlier, Fig. 5.11. The cyclic voltarmnogram in Fig. 5.14 (a) shows the current 
response to an applied potential. Part (b) is the derivative of the mass vs. potential 
data ("massogram"), which can be compared to the cyclic voltarmnogram to verify 
the mass morl value over the full deposition/dissolution potential range. As in the 
previous case, mass is divided by charge, but in this case dmldQ is obtained, i.e., 
taking into account the full potential range, this gives about 37 g morl of electrons 
during the deposition part of the cycle and 30 - 37 g morl of electrons for the 
dissolution part of the scan. The lower initial value, for the dissolution, may be more 
representative of just Cu oxidation; it then increases to incorporate the slower CNF 
removal from the quartz crystal, in the sense of a physical detachment of the carbon 
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rather than electro-dissolution. 
Nevertheless, the results act as a quantitative indicator for the inclusion of CNFs into 
copper co-deposits and serve as a proof of principle for the use of the QCM as a probe 
in quantifying the co-deposition process. 
5.5. Conclusions 
The results in this chapter detail the work undertaken to study copper/CNF co-
deposition processes from acidic solution. The electrochemistry of copper and 
copper/CNF composite electrodeposition was presented. FEGSEM images provided 
evidence for the inclusion of as-grown CNF into copper electrodeposits and allowed a 
comparison of the effect of different agitation methods. Although ultrasound would be 
expected to aid the dispersion of the CNFs, no distinct differences were observed 
between the FEGSEM images obtained for it and conventional stirrer agitation. Future 
work could include attempts to eliminate nodular growths, e.g., by pulse plating. 
A brief study of the effect of adding P AA to the electrodeposition solution on the 
deposition process was undertaken. An increase in resistance was observed in the 
electrochemical results, which may be due to metal/P AA complexation or P AA 
adsorption. From the FEGSEM images the presence of the P AA in the plating 
solution appears to promote the incorporation of CNFs in the co-deposit. 
It would also be interesting to consider species that would potentially promote the 
incorporation of CNF with the Cu electrodeposit. This could be achieved through the 
functionalisation of the Cu with activating groups, e.g., containing N (amines) or S 
(thiols) functionalities to interact with the oxdised form of the CNFs. 
The application of the QCM as a probe for the detection of the inclusion of the CNFs 
in copper co-deposits was demonstrated by experiments involving oxidised and as-
grown CNF materials. Unlike the oxidised fibres, where it is uncertain from the 
results whether CNF co-deposition occurred or not, in the case of the as-grown fibres, 
the quantity incorporated appears to increase with higher concentrations of CNF in the 
plating solution. Hence, the proof of principle for the application of the QCM as a 
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probe for the detennination of the level of CNF co-deposition has been established. 
Further experiments to optimise the approach for the quantification of the amount of 
CNFs in the deposits would need to be undertaken. These include a possible study of 
the affect of adding P AA to the electrodeposition solution. 
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Chapter 6 
Zinc/Carbon Nanofibre Co-deposition 
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6.1. Introduction 
Due to its high specific energy, low cost, low toxicity and reversibility, zinc has been 
extensively studied by electrochemists with a view to battery production and 
development [1, 2, 3, 4]. Zinc's well-established electrochemistry includes its 
electrodeposition from acidic or alkaline solution, as required, which is of particular 
relevance in the current study [5, 6, 7]. This, in combination with the experience and 
knowledge of zinc electrodeposition available in the laboratory made it an obvious 
choice for the further study of metaVcarbon nanofibre electrodeposition systems, e.g., 
[7, 8, 9], and including the investigation of other Zn composite systems, e.g., Zn-Si02 
[10]. 
The role ofzinc in electrochemistry originates with Volta, who in 1800 developed the 
silver-zinc pile [11]. Zinc has been a favoured material for many battery systems due 
to its favourable technological and economic properties. Its low equivalent weight and 
relatively high voltage place it high on the list of energy densities for aqueous systems 
and it has always been readily available. 
A number of reviews have appeared in the literature, which discuss developments in 
zinc-air, Rechargeable Alkaline Manganese dioxide (RAM)lzinc, and nickeVzinc 
batteries [2, 3, 4]. Recent advances in the field of batteries and energy storage devices 
include the work of Deiss et al. who studied a rechargeable battery that utilised a 
porous ZnlZnO anode, their model is expected to be useful in the optimisation of zinc 
cell design [12]. Research has also been undertaken to explore the effect of 
electrocatalysts on oxygen reduction in a zinc-air battery [13]. Freitas investigated the 
recycling of zinc from Zn-Mn02 batteries, electrochemical recycling being favourable 
from an enviroumental point of view [14]. 
In addition to the important area of batteries, zinc and zinc materials have found uses 
in a wide variety of applications. These include zinc-nickel alloy electrodeposits 
formed for use as cathodes for alkaline water electrolysis. High surface area Ni and 
Ni-Co coatings were obtained by an electrodeposition methodology that allows the 
complete removal of Zn, generating a highly porous surface suitable for alkaline 
water hydrolysis [15]. 
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In an effort to make the production of dye sensitised solar cells more economical 
Karuppuchamy et al. studied the electrodeposition of ZnO thin films [16]. This 
method avoids the commonly used heat treatment step, which requires the use of a 
relatively expensive heat resistant material, the conductive nature of their film is 
guaranteed without applying heat. Another area of semiconductor research looked at 
the electrodeposition of cadmium and zinc sulphides and selenides [17]. The ternary 
compounds deposited are of interest due to the possibility of varying the band gap 
with composition. 
Electrodeposited zinc and zinc-based coatings find extensive use in applications such 
as the corrosion protection of steel in the automotive industry, and it is often assumed 
that the service life of the part is directly proportional to the thickness of the zinc 
layer. However, the corrosion characteristics were shown by Bouroushian et aI., in the 
case of an acid sulphate bath, to strongly depend on the texture and microstructure, 
which, in turn, depend on the specific deposition procedure employed [18]. They 
showed that the variation of the deposition current density from very low (0.5 A dm-2) 
to moderately high values (40 A dm-2), under DC electrodeposition conditions, was 
related to changes in the texture, grain structure, and surface morphology of the zinc 
coating, depending on bath pH. 
Raeissi explained changes in the morphology and texture of zinc deposits on steel in 
terms of the nucleation and growth mechanism [19]. At pH 2 instantaneous nucleation 
is predominant. Increasing the pH of the electrodeposition bath reduces the number of 
active sites for nucleation on the steel substrate due to zinc hydroxide adsorption, 
which may cause their observed shift towards progressive nucleation. At pH 2, 
increasing the current density reduced the zinc crystal size. At pH 4, increasing the 
current density increased the zinc crystal size. 
Since the 1960's, increasing pressure to reduce, and to eventually eliminate, the use of 
cyanide solutions, due to the serious safety issues associated with exposure to, and 
containment of, large quantities of solution in industry, has led to the development of 
zinc ate solutions. The zincate process proves to be quite efficient but not as reliable as 
cyanide solutions, mainly related to the quality of the deposits. Mirkova et al. found 
that in the presence of additives the zinc deposition process from a zincate electrolyte 
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is kinetically limited but in the absence of additives the deposition is mass transport 
limited [20]. The attempts to find cyanide free electrodeposition solutions also extend 
to copper/zinc alloy deposition, which is widely used in industry due to the corrosion 
protection it provides. One such bath was developed by Carlos et aI., who investigated 
the effect of various concentrations of copper and zinc ions in a sorbitol (sorbitol 
complexes the Cu, which then reduces at a potential near that of the zincate ion, so 
that codeposition is achieved) containing alkaline solution [21]. They illustrated how 
these ratios and the deposition conditions influenced the alloy composition, surface 
morphology, current efficiency, and brightness of the Cu-Zn electrodeposits. 
New zincate electrolytes have proved interesting in terms ofimproving the brightness 
of Zn coatings and also in working towards reducing the hydrogen embrittlement of 
zinc deposits, as a result of the simultaneous discharge of hydrogen ions or water 
molecules during Zn deposition. Mirkova et al. found that the evolution of hydrogen 
decreased with increasing ZnO and decreasing NaOH concentrations in the electrolyte 
[22]. The hydrogen permeation through the steel membrane is suppressed by the 
deposition of the Zn coating. 
In this chapter, zinc is codeposited with carbon nanofibres. A potential application for 
carbon nanofibres is as a coating on crankshaft bearings, e.g., as a lubricating and 
wear-resistant film, in the form of a metal/carbon nanofibre composite. In the absence 
of a bearing material and when the pressure generated in the lubricating oil film is 
insufficient to keep the two moving surfaces apart, then there is the possibility of the 
two surfaces seizing or welding together. Conventionally, the coating materials 
generally consist of lead, tin, and copper, providing the desirable properties of both 
hardness and lubricity. Lead acts as a solid lubricant, particularly during engine start-
up, but it is one of the heavy metals whose use is being phased out under the EUs end 
of life vehicles directive [23], so an alternative is required. The material must also 
have a soft surface so that small foreign objects can be included in it. Carbon, in the 
fonn of carbon nanofibres, has the potential to act as a lubricating and wear-resistant 
material. The seizing/welding effect is potentially avoidable by the inclusion of 
carbon nanofibres in a Pb free coating. 
One route to metal/carbon nanofibre composite deposits is via electro-codeposition, as 
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discussed in Chap. 5 for copper. In the current work, although not directly applicable 
as a bearing material, two well-established Zn electrodeposition baths were chosen for 
preliminary investigations, due to their familiarity and ease of deposition, as discussed 
at the beginning of this chapter. It is hoped that, in the future, these model systems 
would have the potential to be adapted for more wear resistantllubricious Sn, and/or 
Culcarbon nanofibre composite coatings. The second phase, the carbon nanofibres, 
were suspended in the electrolyte to allow the formation of a composite coating 
during electrodeposition. 
The co-deposition experiments are reported here with evidence for the co-deposition 
of zinc metal with carbon nanofibres. 
6.2. Experimental 
6.2.1. Chemicals 
NaOH, poly acrylic acid (partial sodium salt, Mw 5000) (Aldrich); HCI (32 %), HN03 
(70 %), ZnO, ZnS04.7H20, and H2S04 (98 %) (Fisher); Na2S04 (99 %) (Acros 
Organics); were obtained commercially and used without further purification. 
6.2.2. Instrumentation 
A computer aided pulse plating unit (CAPP, Axel Akermenn NS) was used for the 
pulse plating experiments. 
The electrochemical cell employed for the preliminary investigations, Fig. 6.1, was 
designed to minimise the solution volume while still allowing controlled mass 
transport conditions to be applied. 
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Figure 6. 1. Electrochemical cell used for the in itial Zn electrodeposit ion experiments. W = sta inless 
steel working electrode, R = SCE reference electrode, and C = Pt mesh counter electrode. Cell is placed 
on a magnetic stirrer, there is also a cover for the cell, not shown for clarity. 
The solution was stirred lIsing a magnetic stirrer. A flow of argon was maintained to 
removes traces of oxygen. The current was supplied by a potentiostat in galvanostatic 
mode. This cell was used for initial experiments up to and including Sec. 6.3.2. 
The carbon nanofibre growth, subsequent voltammetry experiments, and electrode 
analysis were performed as described earlier. For further details see Chap. 2.2. 
6.2.3. Electrode Preparation 
For tbe electrodeposition experiments, the working electrode was a 10 cm2 mild steel 
cathode (a low carbon steel, 0.02 wt.-% C). Electrode preparation was undertaken as 
in Chap. 5.2.3, to include; washing, rinsing with distilled water and ethanol. Then 
there was an electrochemical degreasing step followed by immersion in HCl and final 
rinsing with distilled water. The cathode was dried in hot air between each step and 
after fmal rinsing. A sacrificial, zinc, metal anode was used in the bulk 
electrodeposition trials. 
In the case of the voltarnmetric investigations, stainless (AlSI 316) and mild steel 
electrodes with a well-defined electrode area (ca. I cm2 and 0.28 cm2, respectively) or 
a glassy carbon disc (BAS, 3 mm diameter) were employed as the working electrodes. 
A saturated calomel electrode (SCE) served as the reference and platinum gauze as a 
high surface area counter electrode; variations are noted in the text, as appropriate. 
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6.2.4. Plating Bath Composition 
a) The initiall y investigated electrolyte so lution was prepared by disso lving I g 
of ZnO in 100 mL of a 2 M so lution of NaOH. Stainless steel e lectrodes were 
obtained commerciall y (AISI 3 16 - foil , Goodfe llow, UK) and cut into I x 5 cm 
specimens. The surface of stainless steel is typicall y coated with Cr20 J. The electrode 
area was masked off using an insulating tape and contact was made through a 
crocod ile clip . Prior to z inc electrodeposition, the surface was cleaned by rinsing with 
ethanol and water to remove impurities . All experiments were conducted at a 
temperature of22 ± 2 ·C. 
Th is ini tial electrolyte was used in conjunction with the cell descri bed in Sec. 6.2.2 
fo r the work described up unt il Sec. 6.3.3, fTo m which point the electrolytes used were 
as described below. Any vari ations are noted as appropri ate. 
b) Subsequentl y, as was the case fo r the copper investigati ons, conventional 
plating bath fo rmulations were employed in the stud y of the co-deposition process 
with carbon nanofi bre materi als. The bath compositions and cond itions investigated 
were as fo llows. 
Alkalill e Zill cate: 
The alkaline zincate bath consisted of: 
Zillc Sulphate: 
10 glL (0. 12 M) ZnO 
105 glL (2.6 M) NaOH 
I glL of ox idised CNF 
pH 14 
The constituents of the acidic z inc sulphate bath were: 
250 glL (0.87 M) ZnS0 4. 7H20 
80 glL (0. 56 M) Na2S0 4 
I glL of as-grown CNF 
pH 2 (adjusted with H2S04) 
(+ 2 x \0.5 M poly acrylic acid or tetraphenylphosphonium 
bromide (PPh/ ), where stated) 
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Both the as-grown and oxidised fonn of CNFs were used in the experiments 
undertaken in this chapter. Details about their growth and oxidation are given in 
Chap. 2. The as-grown fibres are hydrophobic and were used either mechanicall y 
ground, wet milled with the surfactant, PPh4Br, or sonicated wi th poly acrylic acid in 
order to improve their dipersib ility. 
Tetraphenylphosphonium bromide was used as a cationic surfactant to aid the 
formation of a suspension of as-grown CNFs by the adsorption of the aromatic cation 
onto the hydrophobic carbon nanofibres, Fig. 6.2. 
Figure 6.2. Tetraphenylphosphollium ion. 
The other add itive used was poly acrylic acid, P AA, which was described earlier in 
Chap. 5.2.4; the hydrophobic polymer backbone interacts with the CNFs and when 
sonicated the CNFs disperse well in the electrodeposition so lutions. 
As stated earli er, the oxidised fibres are hydrophilic and fonn a very stable suspension 
in the alkaline plating bath and a less stable one in the acidic bath, with the fibres 
settli ng out after an hour or two. 
6.2.5. Plating Bath Agitation 
The first method of agitation investigated was the vibromix, Fig. 6.3, which provided 
vibratory agitation, inducing good particulate mixing and buoyancy with low 
interfacial convection. 
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Figure 6.3. Vibromix agitat ion apparatus. 
., 
.~ 
yibraling plate 
/ .---- ,-,.~, 
It consisted of a rod, which was attached to a vibrating plate with a number of 
truncated ho les, through which flow occurred; the transformer controlled the rate of 
displacement of the plate. This method demonstrated the Venturi effect: the flow of 
fluid through short, tapered holes, which causes an increase in the velocity of the fluid 
and a corresponding decrease in pressure. 
A conventional magnetic stirring instrument was al so considered. 
PAA containing solutions were agitated ultrasonically for 30 nun. pnor to 
electrodeposition, typically in a I L beaker. A convent ional magnetic stirring 
instrument was used for solution agitation during electrodeposition. 
6.2.6. Electrode Surface and Compositional Analysis 
After electrodeposition, sample preparation was not required for surface analys is. 
Cross sections of the samples were prepared using a Struers Labotom cut-off saw, the 
sample was then smoothed with a be lt surfacer. Subsequently, the samples were 
mounted in a conducting resin in a hot mounting press. The next step was the manual 
grinding of the samples with progressively finer, sil icon carbide, abrasive papers. 
Then, the samples were polished with 6 and I J.lm diamond polish on a polishing 
wheel. Fina ll y, the samples were etched with ferric chloride etchant, ifrequired. 
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6.3. Electrodeposition of Zinc and Zinc/Carbon Nanofibre 
Composites from Alkaline Solution 
Zinc elecl"rodeposition is an important industria l process, 111 particular for the 
corros ion protection of steel. Here it is investi gated for the incorporation of carbon 
nanofibres during e1ectrodeposition. Traditionally, two types o f zinc electrodeposition 
baths have been employed using either alkaline or acidic conditions, the case of ac idi c 
so lution will be dealt with later in Sec. 6.4. The alkaline bath takes advantage of the 
amphoteri c nature of ZnO. ZnO can be di ssolved in the presence of high 
concentrations of hydroxide and can be employed fo r the electrodeposition of zinc on 
steel [24). Under these conditions hydrogen evolution can be suppressed. ZnO 
di ssolves in strongly basic so lution f0n11ing a zinc-hydroxide ion complex. The 
predominant species present is the Zn(OH)/- ion. Zinc electrodeposition from zincate 
so lutions has been rev iewed [7]. As mentioned earli er, interest in thi s process 
developed from the fact that the well establi shed cyanide based e lectro lytes had sa fety 
concems due to the inherent tox icity and diffi culty in the removal o f complexed zinc. 
The search was prompted by the increasing ly stringent anti-poll ution laws introduced 
in a num ber of countries in the 1960's . Alkaline zincate f0 n11 ulations were one of the 
non-cyanide alternati ves developed. 
As pointed out earlier, it has been found that ox idised carbon nanofibres are so luble in 
alka line aqueous environments (Chap. 2.4) and therefore co-deposition of zi nc and 
carbon nanofi bres fro m an alka line zincate so lution becomes feas ible. However, it 
will be shown that, depending on the condi tions employed, both a lkaline zincate and 
acidi c baths (Sec. 6. 3 and 6.4) are sui table for carbon nanofibre co-depositi on. 
Electrochemical investigations were conducted in ten11S of the influence of scan rate 
and the mass transport properti es of the system. iJ1iti ally, cyclic vo ltammograms were 
recorded to characteri se the behaviour of the stainless steel electrodes immersed in 
electro lyte so lution; 0. 12 M ZnO, 2.0 M NaOH. Fig. 6.4 shows typical cycl ic 
vo ltammograms obtained for the reduction of Zn(OH)/- to zinc metal at a stainless 
steel (AIS13 16 fo il ) electrode, recorded at vari ous scan rates; 10,50, and 200 mV S-I. 
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Figure 6.4. Cycl ic voltammograms of Zn electrodeposition and stripping at various scan rates as 
indicated, 1 cm' stainless steel electrode, 0.12 M ZnO, 2.0 M NaOH. 
Two reactions are possible when a steel electrode is cathodicall y polari sed tn an 
alka line zinc so lution [25]. The first is the e lectrolytic deposition o f z inc, Eq. 6 .1. The 
second is the hydrogen evo lution reaction, Eq. 6.2. The standard electrode potenti als 
indicate that, thennodynamica ll y speaking, hydrogen di scharge should appear in 
pre ference to zinc. However, due to the much hi gher hydrogen overpotenti al on zinc 
compared to steel, the cathode efficiency fo r zinc deposition vari es from 60 - 90 % 
[25]. 
Zn(OH)l- + 2 e- -> Zn + 4 OH- £i = - 1.1 99 V (SHE) (6 . 1) 
£i = -0.828 V (SHE) (6.2) 
Ln thi s work, a characteri stic deposition signa l is detected commenclllg at 
approx imately - 1.45 V vs. SCE followed by a 'stripping' response a fter reversal of 
the scan direction (Eq. 6.1 ). From the unequa l charge under the reducti on and 
stripp ing signa ls it can be concluded that a side reacti on, in thi s instance hydrogen 
evo lut ion, occurs, Eq . 6.2. During the deposition process the evolution of gas bubbles 
can also be observed. From the magnitude of the cUlTents and the known 
concentration of Zn(OH)/- it can be ca lcul ated that the e lectrochemica l cell 
(conditions as shown in Fig. 6.4) is operating far from mass transport contro l; a 
decreasing CUITent is observed with increas ing scan rate. 
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Since al l the scan rates investigated in Fig. 6.4, 10 - 200 mV S·I, gave well defined 
responses a scan rate of 100 mV S·1 was chosen for subsequent experiments. Further 
cyclic voltammograms were obtained to characterise the eleclrodeposition processes 
for both carbon and stain less steel electTOdes agai n in alkaline zincate so lution; 0.12 
M ZnO, 2.6 M NaOH, pH 14, scan rate: lOO mV S·I, Fig. 6.5. Zn deposition and 
stripping occur at a negative potential of - 1.55 V vs . SCE on stainless steel. It can be 
seen in Fig. 6.5 (A), that the deposition commences and, depending on the potential at 
which the scan is reversed, a mass transport controlled peak appears. Upon reversal of 
the direction of the scan a stripping peak is detected. On glassy carbon electrodes, Fig. 
6.5 (B), the deposition of zinc commences at a slightly lower potential and a loop 
consistent with nucleation and growth is observed. The drawn out (a lmost ohmic) 
oxidation peak, which occurs at the glassy carbon electrode, shows that Zn is reduced 
at a considerably slower rate than at the steel electrode. 
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Figure 6.5. Cyclic voltammograms recorded al (A) stainless S1eel (0.28 cm') and (B) glassy carbon 
(0.07 cm') electrodes, 0.1 Vs'. 0. 12 M ZnO, 2.6 M NaOH, pH 14. 
The metal to carbon contact for nuclei cou Id be poor and may be responsible for this 
effect. Sonneveld et al. studied the nucleation and growth of zinc on glassy carbon 
from a zincate so lution [26]. They concluded, using cycl ic voltammelry, that a 
crystall isation overpotential was observed during zinc deposition on glassy carbon in 
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alkaline zincate so lution. Therefore, no interaction between the electrode surface and 
the deposit occurs and a poor deposit adherence can be expected. Hence, and from the 
vo ltammetric responses shown in Fig. 6.5, it can be predicted that zinc in alkaline 
baths wi ll electrodeposit preferenti ally onto steel and zinc, but not onto the carbon 
inclusions. 
6.3.1. Morphology of Zinc Electrodeposits from Alkaline Solu t ion 
Based on these pre liminary voltammetric stud ies, the bul k deposition of zinc on 
stainless stee l was then attempted by applying a constant current density to the 
electrode. 
At a relatively high current density, 10 A dm-2, zinc nucleation on the steel surface 
and growth of well-defined crystals can be observed, Fig. 6.6 . The lower 
magnification FEGSEM micrograph shows the partial coating of the steel substrate, 
Fig. 6.6 (a) . The steel appears dark in the FEGSEM image and the zinc is the li ghter 
co loured materia l. Faceted z inc crysta ls are observed at higher magnifi cati on, Fig. 6.6 
(b). 
Figure 6.6. FEGSEM images of Zn deposited on stainless steel from an alkaline zincate bath (Sec. 
6.2.4. (a)), obtained at high current density, 10 A dm-', 2 rnin; (a) low magnification, (b) high 
magnification. 
However, at lower current densities, I A dm-2, 'mossy' zinc deposits are observed . 
The zinc nuclei observed in Fig. 6 .7 (a), on c loser inspecti on, Fig. 6.7 (b) , reveal the 
mossy zinc type deposit. This effect, leading to nanostructured z inc, is well known 
and part of the complex deposition process at lower current density or in the presence 
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of add iti ves [27, 28). 
Figure 6.7. FEGSEM images of "mossy" Zn deposited on stainless steel lTom an alkaline zincate bath 
(Sec. 6.2.4 . (a)), obtained at low current density, I A dn"', 18 min; (a) low magnification, (b) high 
magnification. 
It has been mentioned in the literature that the deposit morphologies produced during 
the deposition of zinc from an aq ueous so lution of potassium hydroxide saturated with 
zinc ox ide vary with current density. At high current densities of l OA dn,-2 the 
deposits were dendritic, at 2 A dm·2 they consisted of layer and some granular 
growths, and at 0.4 A dn,-2 mossy growths formed [29). 
6.3.2. The Electrodeposition of Zinc/Carbon Nanofibre Composites 
The next part of the investi gation involved the repetition of the zinc electrodeposition 
experiment bu t with oxidised carbon nanofibres (7 mg mL· I ) added to the so lution, 
with the aim of incorporating them into the coating. The low current density 
experiment in the presence of carbon nanofibres were di fficult to interpret due to the 
similar topography of mossy z inc and carbon nanofibres . Chemical identification of 
the exact regions of Zn and C may be possible with, e.g., localised EDX analysis. 
However, the high current density experiments, lOA dm·2 for 2 min , in the presence 
of carbon nanofibres gave the first clear evidence for co-deposition, as demonstrated 
by the high magnification FEGSEM image shown in Fig. 6.8. 
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Figure 6.8. FEGSEM image showing the incorporation of carbon nanofibres into the Zn deposit, lOA 
dm-l , 2 min. 
Both zinc nuclei and carbon nano fi bre fragments are visib le (compare to Fig. 2. 1 0 (b), 
a FEGSEM image of oxid ised carbon nanofibres). At thi s stage the extent of 
incorporat ion o f the carbon nanofibres is not known. Both ind ividual carbon 
nano fi bres and carbon nanofib re aggregates are clearl y observable in the image, Fig. 
6.8, possib ly suggesting their non-ideal di spersion in the electrodeposit ion so lution. 
Subsequent work invo lved the formation of coatings of considerably increased 
thickness, of between 10 and 50 /-un approx ., (enabl ing cross section analysis) as well 
as the investigation of an acidic Zn bath and bath add itives (to aid CNF dispersion), 
Sec. 6.4 - 6.6. 
6.3.3. Va ri ation of Electr ochemica l Condit ions and Agita tion 
As mentioned earli er in Sec. 6.2.4, the baths and electrodes used subsequently are as 
described in Chap. 6.2.3 and 6.2.4. (b). 
Coatings fro m the alkaline zincate bath di scussed above were deposited under various 
electrodeposition conditions and agitation methods. Only relatively high current 
densities were used due to the mossy deposits encountered at low current densities, as 
descri bed in the previous section. The preparation of the cross section samples is a lso 
detail ed in Chap. 6.2.6. Both cross section and surface images of the deposi t fo mled 
using vib ratory agitation at 2 A dm-2 fo r 30 min are shown in Fig. 6.9. The cross 
sectional image shows the e lectrodeposited zinc sand wiched between the mild steel 
substrale (top layer) and the conducting polymeric moun ting materi al (bottom layer), 
Fig. 6.9 (a), with (b) showing the layered zinc surface. Vibratory agitati on appears to 
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result in a reasonably dense deposit (compared to magnetic stirrer agi tation, see 
subsequent data). 
Figure 6.9. FEGSEM image of Zn deposit formed on mi ld steel from alkaline zincate solution (0.12 M 
ZnO , 2.6 M .OH, pH 14) with vibratory agitation, 2 A dm·', 30 min; (a) cross section (the layers 
from top to bottom are the mild steel substrate, electrodeposited z inc, polymeric mounting material) , 
(b) surface. 
lncreasing the current density, to 4 A dm-z, leads to a fi ner grain structure caused by 
the fo mlation of more nuclei, Fig. 6.1 0, again both cross section (a) and surface 
images Cb) are presented . 
Figure 6.10. As Fig. 6.9 but wi th applied current of 4 A dn'-' for 15 min; (a) cross section, (b) surface. 
The di fferent thicknesses observed with the same amount of charge passed are 
probably due to the effect of hydrogen evol ution. Hydrogen ions can adsorb at active 
sites, related to zinc nucleation, and be released as hydrogen gas [30]. Nucleation s ites 
are more ab undant on fine and randomly orientated zinc surfaces than on 
unid irectiona ll y grown large crystall ine surfaces . Hydrogen is preferentiall y adsorbed 
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onto the nucleation sites rather than onto uniformly stacked crystalline surfaces. The 
high current efficiency is the result of the preferred texture of the deposit that has less 
defects and grain boundaries providing nucleation sites for H2 gas evolution. In this 
case, the lower current density, Fig. 6.9, produced a layered type deposit supplying 
fewer sites for hydrogen adsorption, compared to the case illustrated in Fig. 6.10, and, 
therefore, has a higher current efficiency. Also, it is likely that the layered type 
deposit wi ll adhere better to the substrate, whil e the granular type deposit is more 
likely to detach prior to/during mounting. 
Figure 6.11. FEGSEM of the deposit formed on mild steel from alkaline zineate solution (0.12 M ZnO, 
2.6 M NaOH , pH 14) under vibratory agitation in the presence of I g L" of oxidised CNFs, 2 A dm", 
60 min. [7 .1, Tab. 6. lf 
Fig, 6. 11 shows the deposit formed in the presence of I g L'I of oxidised CNFs at a 
current density of 2 A dm'2 for 60 min using vibratory agitation. It is a surface SEM 
of the zinc/CNF electrodeposit fomled ; the oxidised CNFs are evident on the surface 
of the Zn deposit, though incorporation is not yet observable. Carbon nanofibre 
inclusion cou ld be shown by an investigation of the structure of the bulk of the 
deposit. 
At higher current densi ty, 4 A dm ,2 for 30 mtn, Zn crystals seem to be better 
intenningled with the ox idised CNFs as shown below in Fig, 6. 12 . 
. Numbers in brackets, after the fi gure captions, refer to the samples detailed in Tab. 6.1. 
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Figure 6.12. FEGSEM of ZnJCNF deposit formed on mild steel under the condi tions in Fig. 6.5 except 
at a current density of4 A dm" for 30 min. [7.2, Tab. 6.1) 
The overall deposit fonned is less compact than that fonned at 2 A dm-2, compare to 
Fig. 6. 11. 
Figure 6.13. Zinc electrodeposited on mild steel from the alkaline zincate magnetica lly stirred bath 
(0. 12 M ZnO, 2.6 M NaOH, pH 14) at 2 A dm" fo r 30 min; ; (a) cross section, (b) surface. 
A relat ively low-density deposit was formed from magnetically stirred so lution, at 2 
A dm-2 for 30 min, Fig. 6. 13. The surface image shows plate lets growi ng 
perpendicular to the substrate surface. 
At the higher electrodeposition current density of 3 A dm-2, the deposit has a similar 
morphology but the process is much less efficient, Fig. 6.14. This effect, of reduced 
efficiency at higher current densities, was seen earli er comparing Figs. 6.9 and 6.10, 
and again may be related to hydrogen evolution effects [30], but differences in the 
grain structure are much less apparent in thi s case. Looking at the cross sectional 
images it can be seen that at 2 A dm'2 about 9 ~un thickness was obtained, Fig. 6. 13, 
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but at 3 A dm·z, the deposit was only about 5 Jlm thick, Fig. 6.14. 
Figure 6.14. As above but at 3 A dm·' for 20 min; (a) cross section, (b) surface . 
On addition of 1 g L· t of oxidised CNF to the electrodeposition bath the following 
images were obtained, Fig. 6. I 5. A layer type growth was obtained, typical fo r the 
current densi ty used [29]. There is some evidence of incorporation of the oxidised 
CNF between the growing zinc crystals in the depos it. The di fferences in the size and 
compactness of the Zn grain structure show that the oxidised CNFs alter the growth 
process. Nucleation in the presence of the CNFs is slower leading to the larger grains 
evident in the SEM, Fig. 6. I 5. The CNF fragments appear to modify the substrate 
surface causing the reduced rate of nucleation. 
Figure 6.15. Zinc electrodeposited on mild steel fTom the alkal ine zincate magnetically stirred bath 
(0.12 M ZnO, 2.6 M NaOH, pH 14) but with the addition of I gIL of oxidised CNF, 2 A dm·' for 30 
mill; (a) high magnification, (b) lower magni fi cation. 
A compari son between Figs. 6.9 and 6. I 3, which illustrate deposition from the 
alkaline z incate bath in the absence of CNF with vibratory and magneti c stirrer 
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agitation, respect ively, under otherwise identical conditions, can be made. In the case 
of vibratory agitation a relati vely compact, dense deposit was obtained compared to 
the low densi ty, plate let growth observed for the magneticall y stirred bath . In both 
cases, increasing the current density led to less efficient depos ition, which is 
illustrated by reduced deposit thickness. 
On the addition of CNFs to either vibratory agitated or magnetically stirred solution, 
the CNFs are evident agglomerated on the surface of quite similar z inc depos its, with 
the possibi lity that the CNFs are incorporated at the grain boundaries with continued 
deposit growth, Figs. 6. 1 I and 6.1 5. 
6.4. Electrodeposition of Zinc and Zinc/Carbon Nanofibre 
Composites from Acidic Solution 
The behaviour of the acid Zn electrodeposition bath at mild steel and glassy carbon 
electrodes was also studied, Fig. 6. 16. Initially, cyc lic vo ltammograms were recorded 
to characteri se the behaviour of the mild steel and glassy carbon electrodes immersed 
in ac idic so lution, 0.9 M ZnS0 4.7H20 , 0.6 M Na2S04, pH 2. 
20 CA) 
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Figure 6.1 6. Cyc lic voltammograms recorded at (A) mild steel (0.28 cm') and (8) glassy carbon (0.07 
cm') electrodes. 0.9 M 2 nSO,.71-1 ,0 , 0.6 M Na,SO" pH 2. 
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In the current work, for the acidic zinc electrodeposition bath , Zn ox idation and 
reduction occur at a much more positive potenti al (- l.05 V vs. SCE) than in the 
alkaline bath, Sec. 6.3. Mass transport control is absent for both electrodes (glassy 
carbon and' mild steel) under the high concentrati on conditions used for Fig. 6. 16. Fig. 
6. 16 (B) shows an overpotent ial for the nucleation o f zinc onto glassy carbon, similar 
to that shown in Fig. 6.5. The overpotenti a l ex ists since metal depos iti on is occurring 
at an inert glassy carbon cathode. This invo lves the fonn ation of initial stable nuclei, 
with subsequent nucleation and growth, leading to the overlapping of the nuclei, 
eventuall y resulting in the growth of a complete layer. Thus, zinc deposition fro m 
acidic baths will also occur preferentiall y onto metal (non-carbon) surfaces. From the 
slope of the deposition and stripping responses in Fig. 6. 16, it can also be seen that a 
characteristic res istance ex ists, associated wi th zinc electrodeposition onto carbon. It 
is believed that the poor electrica l contact between zinc nuclei and the carbon sur face 
is responsible. McBreen stud ied zinc deposition on glassy carbon fro m acid 
electrolyte and observed a similar effect to that already mentioned fo r zinc depos it ion 
from alkali ne electrolyte, in tenns of a crystalli sation overpotential and the lack of 
interaction between the electTodeposited zinc and the glassy carbon [31] . 
Raeissi et al. have shown that, fro m an ac idic zinc sul phate bath, in the potenti al range 
fro m -0.65 to -1.0 V the current density does not increase rapidl y [1 9). This potential 
range is predominantl y associated with hydrogen evolution [32]. Zinc hydroxide is 
fonn ed by hydro lys is due to the predominant hydrogen evo lution and consequent 
loca l pH increase near the cathode surface [32, 33). The zinc hydrox ide acts as an 
inhibi tor, limiting the number of deposition sites for hydrogen, giving an additional 
overvoltage for hydrogen evolution [32]. Eventua lly, hydrogen evo lution is 
suppressed and zinc starts to deposit, Fig. 6.17. 
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Figure 6.17. Potential-current curves for zinc deposition from a ZnSO •. 7H20 (620 g L·') and a,SO, 
(75 g L-') solution. Scan rate 20 mY min-' [19]. 
Zinc deposition started at aboul -1.0 V after complete passivation of the cathode 
surface by zinc hydroxide. So, during zinc electrodeposition on a steel substrate the 
rate of hydrogen evolution is initially high leading to the rapid formation of a z inc 
hydroxide layer in the so lution near the cathode. Subsequent z inc nuc leation occurs 
with a high cu rrent efficiency and the resulting contribution of hydrogen evolution is 
mtnor. 
Zinc electrodeposition is accompanied by a simultaneous hydrogen reduction 
reaction . The hydrogen evo lution reaction and entry of hydrogen into iron and steels 
during zinc electrodeposition have been studied ex tensively because it may induce 
hydrogen embrittlement of the substrate, modify the mechanical properties of the 
material, and sometimes cause stress-corrosion cracking [30, 34, 35, 36]. In this work, 
at high current density, 5 A dm-2, gas evolution (hydrogen) was evident at the cathode 
during the e lectrodeposition process, causing the undesirable voids and bubble 
inclusion patterns, which can be seen in the FEGSEM image below, Fig. 6. 18. 
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Figure 6. 18. Surface FEGSEM of a 2 n deposit formed on a mild steel substrate at 5 A dm" for 12 min. 
0.9 M 2 nSO,.7H,O, 0.6 M Na,SO" pH 2. 
A higher magnification image is illustrated in Fig. 6. 19 showing the grain structure of 
the deposit. 
Figure 6. 19. Higher magnification surface FEGSEM image of the sample in Fig. 6.18, 5 A dm" for 12 
min. 0.9 M 2 nSO,.7 H,O, 0.6 M Na,SO" pH 2. 
Similarly, Wiart et a!. observed numerous holes of di fferent sizes, corresponding to 
the formation of hyd rogen bubbles in electrodeposits fonned from an acidic zinc 
sulphate electro lyte at a current density of 5 A dm·2 [37]. 
6.4 . .1. Electrodeposition of Zn/Carbon anofibre Composite from a PPh/ 
Containing Solution 
As mentioned earli er, Sec. 6.2.4, tetraphenylphosphonium bromide (PPh,J3r) was used 
as a cationic surfactant to aid the formation of a suspension of as-grown CNFs by the 
presumed adsorption of the aromatic cation onto the carbon nanofibre walls. lnfrared 
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and mass spectroscopies could be applied to assess the adsorption process. The 
hydrophobic phenyl rings associate with the hydrophob ic CNF structure and the 
cationic nature of the PPh/ promotes deposition at the steel electrode (cathode). In 
this way the laborious CNF oxidation procedure can be avoided with the direct use of 
the as-grown uncharged CNFs. 
The fo llowing images were obtained on samples following the addition of the CNFs 
and PPh/ to the acidic solution, at 2 and 4 A dm,2, Figs. 6.20 and 6.21, respectively, 
both utili sing vibratory agitation. 
Figure 6.20. Surface FEGSEMs of the electrodeposit formed on mild steel from 
ZnSO,.7H,OICNFIPPh,· solution, 2 A dn'-' , 60 nun, vibratory agitation. [8 . I, Tab. 6. I 1 
These surface images show the incorporation of CNF in the growing Zn deposit, Fig. 
6.20, 2 A dm'2, 60 min. In Fig. 6.20 (a) a raised "nodular" area can be identified 
where CNF incorporation is evident; no CNF are evident in the background area 
"base layer". Part (b) of Fig. 6.20 shows another area of nodular growth with further 
CNF incorporation. The following images, which demonstrate a deposit simi lar to that 
shown above, were obtained at a higher current density, 4 A dm,2, 30 min, Fig. 6,21. 
Figs. 6.20 (a) and (b) and 6.21 (b) and (c) show comparable FEGSEM images in 
tenns of zinc crystal size and CNF inclusion. 
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Figure 6.21. FEGSEM images of the electrodeposit formed on mild steel from 
ZnSO,.7 H,O/Cl\'FIPPh/ solution, 4 A dm" , 30 min, vibratory agitation, (a) cross section, (b) surface, 
(c) surface - higher magnification. [8.2, Tab. 6. 1] 
Fig. 6.2 1 (a) c learl y illustrates one of the major problems encountered during this 
work (though also evident in Fig. 6.20), the presence of a base layer plus a surface, 
nodular type, growth. Whi le CNFs are obviously incorporated, the inclusions exist as 
large aggregates; the nodular areas shown in cross section in (a) correspond to the 
areas in the foreground of (b) showing CNF intertwined with the zinc crystals. Fig. 
6.2 1 (a) shows a cross section of the coating deposited from the acid electrolyte, with 
a surface layer of Zn (apparent when compared to the surface image in (b)) with 
aggregates (of CNF) fonning nodular growths with the metal. The higher 
magnification image shown in Fig. 6.21 (c) shows more clearly the lack ofCNF in the 
base, meta l, layer. This problem was also encountered earlier with copper, Chap. 5. 
The next three images show micrographs obtained for electrodeposits from the acid 
bath with magnetic stirrer agitation, Figs. 6.22 - 6.24. 
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Figu re 6.22. Surface FEGSEM of deposit formed on mild steel from ZnSO •. 7H,O/CNFfP PI4' 
solution,2 A dm", 60 min, magnetic stirrer agitation. [10.1, Tab. 6.1] 
Again, there is evidence for the incorporation of CNFs with the growing Zn crystals, 2 
A dm,2, Fig. 6.22. Under simi lar conditions, but at higher current density, 4 A dm,2, a 
comparable deposit is fomled and agai n the image on the right hand side shows a base 
layer with nodular growth, Fig. 6.23. 
Figure 6.23. FEGSEM images of deposit formed on mild steel from ZnSO •. 7H, O/CNFfP PI4 + solution, 
4 A dm" , 30 nun, magnetic stirrer agi tation, (a) higher and (b) lower magnification. [10.2, Tab. 6.IJ 
The behaviour for both vibratory and magnetic stirrer agitation appears to be simi lar. 
The incorporation observed by FEGSEM imaging would seem to be independent of 
the method of so lution agitation , though an elemental analysis of the constituents was 
not achieved. 
in order to detemline if the presence of the CNFs affected the deposit morphology, 
the above experiment was also conducted in the absence of CNFs, 4 A dm'2 and 30 
min , Fig. 6.24. 
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Figure 6.24. FEGSEM images of the deposit fom1ed on mild steel from ZnSO, solution, 4 A dnl ', 30 
min, magnetic stirrer agitation, (a) cross section, (b) surface . 
When compared to Fig. 6.23, it clearly illustrates the effect of the CNFs or the PPI14 + 
on deposit morphology. The nodular deposi t shown in Fig. 6.23 is in stark contrast to 
the Zn deposit fo nned on steel in the absence of CNFs showing a nodule free compact 
deposit with hexagonal stacking platelets. 
[n addition to the FEGSEM analysis used to investigate the composite coatings other 
techniques were also investigated. These were energy dispersive X-ray analysis 
(EDX) and Auger electron spectroscopy (AES). Both EDX and AES can provide 
chemical compositional analysis of the deposits. The techniques were introduced 
earlier, in Chap. I, and the data obtained will be discussed as it arises in subsequent 
sections. 
6.4.2. Energy Dispersive X-Ray (EDX) Analysis 
EDX (di scll ssed in Chap. I) was lIsed to give elemental analysis of the Zn/CNF 
composite coatings produced. It was used to compare the alkaline zincate, Sec. 6.3, 
and acid sulphate baths, and also for the comparison of the two agitation methods, 
vi bratory and magnetic stirrer agitation. Details of the baths and electrodeposition 
conditions used to prepare the samples for EDX analysis are given in Table 6 .1. The 
first two samples are from the alka line bath and the remainder are from the acidic zinc 
bath. 
J7 J 
Sample Bath Conditions Agitation wt.-% 
No. Fig. Aid m' min. e Zn 
7.1 6.11 ZnO/ox. CNF 2 60 Vib 180 11 89 
7.2 6.12 ZnO/ox. CNF 4 30 Vib. 180 7 93 
8.1 6.20 ZnSOJCNF/PPh: 2 60 Vib. 180 22 78 
8.2 6.21 ZnSO,/CNFIPPh, • 4 30 Vib. 180 20 80 
10.1 6.22 ZnSOiCNFIPPh, • 2 60 stir 15 85 
10.2 6.23 ZnSO,/CNF/PPh, • 4 30 stir 4 96 
Table 6.1. Baths and electrodeposition conditions used, and results obtained fo r th e samples analysed 
by EDX. 
ZnO is the alkaline zincate electrol yte, ZnS04 is the acidic zinc sulphate electrolyte, 
ox. CNF are ox idised CNF, PPH/ is the tetraphenyl phosphonium cation, vib . is 
vibratory agitati on, and stir is magneti c stirrer agitation. 
EDX can analyse to a depth of I - 2 f.llTI so surface/adsorbed C may di sto rt the values 
obtained. From the wt.-% of the C and Zn present, the acid bath appears to promote 
higher inclusion rates for the CNF compared to the alkaline bath. The elemental 
quali tative analys is was perfomled by the use of standard less analysis. Vibratory 
agitation seems to be a more effecti ve agitation method than the magnetic stirrer; thi s 
may be due to the improved buoyancy of the particles in the so lution with vibratory 
agitation [38]. Lower current and longer electrodeposition times seem preferable. The 
values obtained were loca li sed rather than averaged. Therefore, they were treated with 
caut ion and were only taken as a roughl y quantitati ve indication, in addition to the 
ease with which surface contamination can occur, the surface nature of the technique 
( 1 - 2 flm) , and the lack of unifomlity between di fferent areas within the samples, as 
has been illustrated readil y by the FEGSEM images, appropri ate references to the 
images given in Table 6.1 . 
6.5. Pulsed E lectrodeposition of Zinc/Carbon Nanofibre Codeposits 
As di scussed in Chap. I, pulse e lectrodeposition is a method of depositing metal on a 
substrate using interrupted direct current, DC. This method favo urs the initiati on of 
grain nuclei and increases the number o f grai ns per unit area, since each new cathodic 
pulse forces nucleation to occur. The result is a fi ner grained deposi t with improved 
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properties, compared to conventionally electrodeposited coatings [39] . Periodic pulse 
reverse, i. e., having an anodic component to the cycle, removes metal preferentially 
from areas that tend to over-electrodeposit during the cathodic part of the cycle. 
Therefore, it is possible to considerably retard dendrite formation or to improve the 
electrodeposit thickness distribution over complicated shapes. Preliminary 
experiments have been conducted in both alka line and acidic electro lytes. The 
waveform used for these initial experiments is shown in Fig. 6.25. 
- 0 .4--+---.---, 
~ 2 4 tls 
0.4-
Figure 6.25. Wavefom, consists ofa calhodic current ofOA A for a duration Tc ~ 2 s; an ofTtime wi th 
zero current for a duration T off = 1 s; and an anodic current of - 0.4 A for a duration TA = 0.5 s. 
The net current density and electrodeposition times used were similar to those used to 
produce the direct current (DC) deposits. 
The variations in the texture and morphology of DC and pulse current (PC) deposits 
were studied by Vasilakopoulos et al. [18] . They found that PC effectively modified 
the properties obtained over a limited range of conditions, though at high current 
densities PC resembled DC electrodeposition. 
One of the methods adopted in an attempt to reduce shape change and dendritic 
growth in zinc-based secondary cells was pulse charging, including periodicall y 
reversing the current and multi-component pulse charging. This and other methods 
were reviewed by Bass et al. [9] . It was found that the app lication of a high current 
peak created a high surface overvoltage, thus activating a large number of nucleation 
sites . The subsequent rest peri od allows local z inc concentration gradients to rel ax by 
diffusion into the dep leted diffusion layer. Thus, a more unifonn deposit is obtained 
by electrodeposition from thi s repleni shed diffusion layer. 
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6.5.1. Pulsed Electrodeposition of Zinc in Alkaline Conditions 
This sample was prepared from an alkaline zincate/CNF bath with vibratory agitation, 
Fig. 6.26. The pulse reverse waveform, detai led in Fig. 6.25, was applied. The net 
current applied was 4 A dm-2 for 60 min. The FEGSEM shows the deposit formed, 
consisting of 20 Jlm crystals, Fig. 6.26. 
Figure 6.26. FEGSEM images of a pulse eleclTodeposited sample on mild steel fTom alkaline zincate 
solution with vibratory agitation, 4 A dm-2, 60 min. 
At higher magnification, it can be seen that the CNFs are trapped at grain boundaries, 
Fig. 6.26. During the reverse part of the pulse the least coord inated zinc i.e., at ki nk 
and step locations in the growth, is removed but the carbon is li kely to remain, and 
since the CNFs are negatively charged in thi s environment further CNFs may be 
attracted to the cathode, so that the forward pulse will aid CNF incorporation by 
entrapment. This deposit consists of larger crystals and is much denser than that 
obtained in the absence of the reverse pulse as can be seen by comparison with the 
nex t image, Fig. 6.27. 
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Figure 6.27. FEGSEM image of a sample prepared from the sa me alkaline zincate solution but only 
applying direct current, 30 min. 
Looking at mounted and polished cross sectioned samples gave no further 
information, regarding the presence/absence of CNFs in the bulk of the deposit. In an 
attempt to obtain such infonnation a sample was treated as above but, in addition, was 
etched. The aim of etching was to reveal the CNFs. A standard etching so lution, 2 
vol.-% nital, was used. It consists of 2 % HN03 in ethanol. The so lution is non-
aqueous to avoid sample corrosion. This should etch the metal content but leave the 
carbon intact. These cross sectional FEGSEM images demonstrate the effect of 
etching, Fig. 6.28. 
• 
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Figure 6.28. Cross sectional FEGSEM images of the sample in Fig. 6.26 after etching in 2 % nital; (a) 
low magnification, (b) high magnification. 
It is obvious that a layer of Zn has been removed and it revea ls the grain structure of 
the Zn but it did not expose the CNF. Once again , it provides further evidence for the 
problem of large nodular growths. 
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6.5.2. Pulsed Electrodeposition of Zinc in Acidic Conditions 
lnitia l studies of the pulse electrodeposition of zinc from the acidic zinc bath were 
also carried out. The same pulsed waveform as previously detailed was used. The type 
of deposit formed can be seen in the FEGSEM images Fig. 6.29. 
Figure 6.29. FEGSEM images of the electrodeposit formed on mi ld steel from 
ZnSO,.7H,O/CNFIPPh/ solution, 4 A dm-', 30 min, vibratory agita tion, (a) surface, (b) etched cross 
section, (c) low magnification cross section. 
The CNFs are apparent in the surface image of the deposit (a) but in (b), the cross 
section, there are no CNFs evident after etching. Fig_ 6.29 (c) ill ustrates that nodular 
type growths a lso occurred under these pulse plating conditions_ 
6.5.3. Auger Electron Spectroscopy (AES) 
The pri nciples of Auger E lectron Spectroscopy (AES) were discussed previously, 
Chap_ I . Auger spectra were obtained for the sample in Fig. 6.29 (zinc/CNF 
electrodeposi ted onto mild stee l fro m ZnS04.7HzO/CNFIPPh/ solution, 4 A dm-z, 30 
min, vibratory agitation) ; these are illustrated in Fig. 6.30. 
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Figure 6.30. Plot of the Auger electron signal intensity vs. electron energy for the sample illustrated in 
Fig, 6,29 (zinc/CNF electrodeposit fonned on mild steel from ZnSO.,7H20/CNFIPPh/ solution, 4 A 
dm·2, 30 min, vibratory agitation), 
An Auger spectrum plots a function of electron signal intensity vs. electron energy. A 
table of the electron energies of the relevant elements is given, Table 6.2. The peak 
areas are used to quantify the amount of a particular element present. 
Element eV 
C 272 
Zn 996,1017 
0 510 
Table 6.2. Auger energies associated WIth the elements studIed. 
Depth profiling can only be carried out destructively and up to 1 run depth of the 
surface can be analysed. Ion bombardment will not give a uniform erosion of the 
sample. As a consequence a light Ar+ etch was performed on the sample with the aim 
of revealing whether the carbon present in the initial spectrum was due to 
contaminants or due to carbon in the composite. The values obtained are quantified 
using AES standards. The peak-to-peak height, Hpp, relates to the concentration and 
sensitivity as follows: 
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HppZn = cz •. sz. 
HppC cC'sc 
------------------
(6.3) 
where CZn and Cc are the concentration terms and SZn and Se are the sensitivity factors 
for zinc (Zn) and carbon (C). 
The following data were obtained after Ar+ etching, Table 6.3. 
Etch time (s) C 0 Zn 
0 9.8 42.7 47.4 
10 3.5 14.3 82.3 
30 3.6 7.1 89.3 
Table. 6.3. AES data: composition in atom %. 
About 10 at.-% C was present at the 0 s measurement, with 43 % 0 and 47 % Zn. The 
10 and 30 s etchings both gave a value for C of about 3.5 at.-%, the value seems to 
have become steady, suggesting that the 0 s reading did contain C from contaminants 
and also that a realistic value for C is 3.5 at.-% (the steel itself contains 0.02 wt.-% C). 
The value for Zn also remains reasonably steady for the 10 and 30 s readings though 
the value for 0 continues to drop, the oxygen may have been associated with both the 
carbon contaminants and the zinc in the form of zinc oxide. 
6.6. Electrodeposition of ZnJCarbon Nanofibre Composites from Poly 
Acrylic Acid containing Electrolytes 
As discussed in more detail in Chap. 1, Arai and Endo used composite 
electrodeposition techniques to produce carbon nanofibre/copper composites [40] in 
an attempt to develop a Iow temperature composite formation method. Films were 
electrodeposited from a Culsulphuric acid bath (containing the dispersant, P A 
(polyacrylic acid), and 2 glL CNF). CNF/Cu powder composites were prepared by 
electrodeposition from the same bath as detailed above. The resulting composite could 
easily be separated from the electrode by ultrasonication to give a powdered CNF/Cu 
composite [41]. The same workers also electrodeposited Ni-deposited MWNT. Once 
again poly acrylic acid was used to disperse the MWNT in the plating bath [42]. 
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In the context of this work, P AA (PK. 4.25) was chosen as a dispersant for CNF in the 
acidic zinc electrodeposition solution. It has a hydrophobic backbone, which interacts 
with the hydrophobic as grown CNF structure and hydrophilic carboxylic acid groups, 
which allow for its suspension in aqueous electrolyte. It proved to be very successful 
for the suspension of the CNF in the electrolyte resulting in the unifonu dispersion of 
theCNF. 
In addition to the effect of dispersing the CNFs other interactions are likely to occur. 
Poly acrylic acid, present in weak polyelectrolyte multilayers, has been used to 
produce metal nanoparticles [43]. Carboxylic acid groups in the multilayers bind 
metal cations by exchange with the acid protons. Subsequent reduction fonus metallic 
nanoparticles. Poly acrylic acid has a pH-dependent degree of ionisation, the lower 
the pH the more non-ionised carboxylic acid groups are present, whose protons can 
exchange with metal cations. The interactions observed in Rubner's work [43, 44] 
may also have occurred in the present study, the low pH would have made numerous 
sites available for zinc cation exchange. Therefore, as well as aiding CNF dispersion, 
the poly acrylic acid may have had a more direct influence over the electrodeposition 
process through cation exchange with zinc. The rate of deposition could be reduced, 
since a zinclP AA complex may be present and when the metal is reduced the 
associated P AA could block the electrode surface and slow further deposition, a 
complicated mechanism for deposition may exist in the presence of P AA. The cyclic 
voltanunograms shown below verify that P AA does affect the deposition process, 
Figs. 6.31 and 6.32. 
Cyclic voltanunograms were recorded for the acidic zinc sulphate bath in the absence 
and presence of poly acrylic acid. In the case of zinc electrodeposition on mild steel in 
the absence of poly acrylic acid, Fig. 6.31 (A), a similar cyclic voltammogram was 
recorded to that observed in Fig. 6.16, and subsequently explained. 
A resistance effect is clearly seen during the deposition and stripping of the zinc metal 
and almost no overpotential for metal deposition is detected (deposition and stripping 
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start from the same potential value) Fig. 6.31 (A). 
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Figure 6.31. Cyclic voltarnmograms recorded at a mild steel electrode, 0.2 cm2, (Al reduction potential 
limit varied: • 1.2, • 1.25, • 1.3 V, (Bl as (Al but with the addition of 2 x 10" M PAA. 0.9 M 
ZnSO •. 7H20, 0.6 M Na2S0., pH 2, scan rate: 100 mV SI. 
Slower kinetics were observed with the addition of poly acrylic acid, zinc 
electrodeposition did not begin until a potential of about -1.15 V vs. SCE was reached 
and a "potential gap" is observed between the deposition and stripping processes. The 
potential for deposition is shifted to a lower value. However, the magnitude of the 
current remained and therefore the rate of zinc deposition was not affected. The 
overpotential for zinc deposition and for zinc stripping can be understood as a kinetic 
effect possibly due to a film of poly acrylic acid and the zinc I aqueous solution 
interface and the cation exchange effect mentioned earlier [44]. 
Additional information about the effect of poly acrylic acid on the zinc deposition 
process was obtained for experiments at glassy carbon electrodes, Fig. 6.32. The CVs 
shows data recorded in the absence and in the presence of poly acrylic acid. The 
overpotential, relative to Efi, for deposition and stripping that exists in the absence of 
P AA (due to nucleation and deposition on the inert glassy carbon electrode) is not 
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very high and was discussed earlier, Fig. 6.16 (B). However, the "resistance effect" is 
substantial. 
(A) 
,....scan 3 
.can2 (B) 
scan 1 
I I 
-0.9 -0.5 
EIVvs. SCE 
Figure 6.32. Cyclic voltarnmograms recorded at a glassy carbon electrode, 0.07 cm2, (A) reduction 
potential limit varied: - 1.2, - 1.25, - 1.3 V, (B) 2 x 10" M PAA added, scans 1 - 3 (initial 3 scans) 
shown. 0.9 M ZnSO •. 7H20, 0.6 M Na2SO., pH 2, scan rate: 100 mV SI. 
A dramatic change is observed in the presence of poly acrylic acid, Fig. 6.32 (B). The 
separation between the deposition and stripping processes is much wider and currents 
are an order of magnitude smaller. At carbon electrodes, poly acrylic acid almost 
completely suppresses the formation of zinc deposits. The current increase with each 
scan shows that although Zn deposition is inhibited in the presence of P AA, zinc 
nuclei remain on the surface of the electrode and more deposition occurs with each 
cycle. The implications from these experiments are (i) P AA slows down the 
deposition of zinc onto steel and (ii) P AA strongly inhibits the deposition of zinc onto 
carbon. 
The reason for this dramatic difference can be seen in the way the zinc metal interacts 
with the substrate. For metal on steel deposition, good contact between the nuclei and 
the substrate is achieved and growth continues. For the deposition of zinc onto carbon 
nuclei show poor electrical contact to the substrate due to the presence of P AA and 
electrical resistance suppresses further growth. This also explains the peak shape of 
voltammograms in Figure 6.32 (B). A very similar effect was described for the 
electrical contact between carbon nanofibres and an ITO substrate in the presence of 
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chitosan polyelectrolyte (Chap. 3). Overall, the growth of zinc onto steel is not 
strongly inhibited in the presence of poly acrylic acid but its growth directl y onto 
carbon nanofibres seems unlikely under these conditions. 
The cross sectional FEGSEM image below, Fig. 6.33, shows the Z n/CNF composite 
formed on the addition of P AA to the acidic ZnS04 e lectrodeposition bath. A nodule 
free deposit was formed. 
Figure 6.33. Cross sectional FEGSEM image of the Zn/CNF composite formed on mild steel from 0.9 
M ZnSO,.7H,O, 0.6 M Na,SO" 2 x 10" M PAA, 2 A dm-2, 180 nun, magnetically stirred solution, (al 
low magnification, (b) high magnification. 
Fig. 6.33 (a) c learl y shows the nodule free ZnJCNF composite electrodeposit fornled 
with the higher magnification image, Fig. 6.33 (b), illustrating its relatively unifornl 
and compact nature. 
Figure 6.34. Cross sectional FEGSEM image of the Zn/CNF composite formed on nuld steel fi'om 0.9 
M ZnSO, .7 H,O, 0.6 M Na,SO" 2 x 10" M PAA, 2 A dm-2, 180 nlin, magnetically stirred solution, (A) 
highlighting a Zn platelet area and (8 ) a "carbon rich" area. 
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Distinct areas were identified in the deposits formed from the acidic zinc sulphate 
solution containing poly acrylic acid. The above high magnification image 
demonstrates the individual areas seen, Fig. 6.34 (A) and (8). These two areas, (A) 
highl ighting a Zn platelet area and (B) a "carbon rich" area, were again analysed 
using EDX spectroscopy. The spectra recorded are shown in the next two Images, 
Figs. 6.35 and 6.36. 
Zn 
2 3 4 5 
Figure 6.35. EDX spectrum of (A) a Zn platelet area, as high lighted in Fig. 6.34. 
The spectrum for the Zn platelet area, Fig. 6.35, shows the presence of zinc with 
nothing identifiable in the carbon region except normal background noise. 
In the case of the "carbon rich" area, identified in Fig. 6.34, the EDX spectrum shows 
a distinct carbon peak as well as the zinc peak, Fig. 6.36. The oxygen peak, which is 
also apparent, may be due to the presence of ZnO. 
Zn 
--.I. __ _ 
2 3 4 5 
Figure 6.36. EDX spectrum of (8 ) a "carbon rich " area, as highlighted in Fig 6.34. 
Individual carbon nanofibres were also identified, as shown in the high magnification 
FEGSEM images in Figs. 6.37 and 6.38. The Zn/CNF association is very apparent, 
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especially when compared to earlier images of previous composites formed, e.g., Fig. 
6.20. 
Figure 6.37. High magnification FEGSEM image showing incorporated eNFs. 
In order to confirm the presence of carbon, an EDX spectrum of the individual fibre 
highlighted in Fig. 6.38 was recorded and is shown on the right hand side of the 
figure. 
(b) 
2.4 3.6 4 .8 6 .0 
Figure 6.38. FEGSEM highlight ing an ind ividual eNF and an EDX spectrum of the eNF. 
Once again, from the EDX spectrum, the presence of carbon is apparent, together with 
zinc from adjacent areas. 
Overall, on addit ion of poly acry lic acid to the electrodeposition solution, a much 
improved composite deposit is achieved when compared to the composites described 
earlier. This is supported by the FEGSEM and EDX data provided. 
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6.7. Conclusions 
A number of ZnlCNF composite coatings were produced from both alkaline and 
acidic baths and in the case of the acidic bath two different additives (PPh/ and PAA) 
were also investigated. The presence of CNF was confirmed with EDX, AES, and 
FEGSEM analysis. 
On the addition of CNFs to either vibratory agitated or magnetically stirred alkaline 
solution, the CNFs are evident agglomerated on the surface of morphologically quite 
similar zinc deposits, as shown by FEGSEM analysis. The behaviour for both 
vibratory and magnetic stirrer agitation is also similar for the acidic zinc 
sulphate/CNFIPP14 + bath. The fibre incorporation observed by FEGSEM imaging, 
showed nodular growth on a smoother base layer of zinc. This morphology seemed to 
be independent of the method of solution agitation. Pulse electrodeposition also led to 
nodular type deposits. In the case of the acidic zinc sulphate solution, with the 
addition of P AA as a CNF dispersant, clear evidence was provided by FEGSEM 
analysis for the incorporation of CNFs into a uniform compact deposit. 
AES analysis, conducted in the case of the acidic zinc sulphate/CNFIPP14 + bath, 
confirmed, by depth profiling, the presence of carbon in the deposit. 
A comparison was made between the alkaline zincate bath and the acidic zinc 
sulphate baths by EDX in terms of solution agitation and current density. The acidic 
bath appeared to promote a higher inclusion rate of CNF compared to the alkaline 
zincate bath. In addition, the vibratory agitation seemed to be a more effective 
agitation method than magnetic stirring, due to the increased buoyancy of the CNF 
and therefore increased opportunity for incorporation. Although in each experimental 
run the charge passed is constant, the conditions of electrodeposition with lower 
current density consistently gave a higher percentage of carbon inclusion. EDX was 
also used to confirm the composition of the zinclCNF composites electrodeposited 
from the acidic zinc sulphate, P AA-containing, bath. 
Improvements in the processes were observed, which meant the properties of the 
composites formed varied from agglomerated CNF present at the electrodeposited 
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zinc surface to nodular growths, where CNF were thought to have incorporated but 
not unifonnly, to the highest quality deposits produced, which were nodule free and 
compact and where the CNFs were weII incorporated and distributed. These 
observations are backed up by the physical appearance of the electrolytes with the 
CNF added, the best deposits were obtained with the most disperse solution. 
Further investigations are necessary to discover the properties of the zinc/CNF 
deposits fonned, wear and hardness testing, corrosion resistance, and where 
improvements could be made in the process. Pulse electrodeposition investigations of 
the P AA containing bath could be prepared for comparison. The principles developed 
here could also be adapted to establish the viability of a Sn and/or Cu CNF 
electrodeposition system, the resulting composites potential could then be investigated 
with a view to future use in bearing overlay materials. 
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7. Conclusions/Summary 
The primary aims of the work undertaken for this thesis were to explore and exploit 
the unique properties of carbon nanofibre materials in novel electrochemical and 
electrodeposition processes. 
The focus of the research concerned four key areas: (i) the examination and 
optimisation of the conditions for carbon nanofibre (CNF) growth, both unsupported 
and as films on substrates, (ii) the electrochemical characterisation of the CNF 
material before (as-grown) and after solubilisation (oxidation),· (iii) the 
electrochemical characterisation and chemical analysis of (co-) deposited CNFs and 
(iv) the formation of novel CNF/metal composite coating materials by 
electrodeposition. 
CNFs were grown at an iron nanoparticle catalyst produced from an iron oxide 
precursor, following process optimisation. The CNFs were characterised by surface 
and bulk analysis techniques including electron microscopy, spectroscopy, and 
electrochemistry. When grown onto a ceramic substrate, the 'as-grown' CNFs were 
shown to act as a porous, high surface area electrode with the ability to strongly 
adsorb aromatic molecules, such as hydroquinone, benzoquinone, and phenol. The 
strong adsorption of aromatic compounds onto the surface of the CNF composite 
electrode could be of potential importance for future applications in electroanalysis. In 
the presence of ultrasonic agitation, this type of electrode allowed unusually high 
current densities to be achieved. Interestingly, it was also shown that a colloidal redox 
system (colloidal iron oxide) was trapped within the CNF structure, and underwent 
highly efficient redox processes. This was the first reported observation of the 
reduction of a large colloidal species. 
After the oxidation of the CNFs in concentrated nitric acid, there was clear evidence 
from XPS and electron microscopy that a high surface coverage of oxygen 
functionalities (carboxylic acid and quinone) was achieved, and that the fibres were 
broken into smaller fragments. These oxidised fragments were soluble in alkaline 
aqueous solution. Deposition onto inert carrier electrodes and immersion into acidic 
aqueous electrolyte allowed a new electrochemical signal to be detected, consistent 
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with a surface bound quinone. Layer-by-Iayer deposition of the solubilised CNF 
material with chitosan (a natural poly-cationic ionomer) allowed novel carbon 
structures to be grown and used as electrodes. Electrochemical processes such as the 
oxidation / of hydroquinone, which occurs with a substantial overpotential at a bare 
ITO electrode, proceeded with a very high rate of electron transfer and essentially 
reversibly. However, current flow was limited by the ohmic carbonlsubstrate contact. 
Novel Composite CNF sol-gel film modified ITO electrodes were also formed and 
were shown to give well defined highly efficient voltammetric signals. The high 
surface area of the CNFs led to the formation of an extended electrode I tBuFc I 
electrolyte triple phase junction. The CNFs created an extended hydrophobic 
interface; without CNF the tBuFc + was expelled. The presence of the CNF stabilised 
the voltammetric response for the oxidation of tBuFc during continuous potential 
cycling. The hydrophobic CNF/silica film enhanced both the capacitive background 
and the magnitude of the Faradaic current response. It was also shown that 
heterogeneously structured bulk modified electrodes, based on a carbon 
particle/hydrophobic silica composite, can be used as a support for electroactive ionic 
liquids. 
Electrodeposition was used to form unusual CNF/metal composites, in this particular 
case with the industrially important metals, zinc and copper. The electrochemistry of 
the plating baths was explored in detail. Conventional and pulse plating methods were 
investigated under various conditions of agitation, current density, and time with the 
aim of determining the optimum conditions for CNF inclusion. 
Both the as-grown and oxidised forms of the CNFs were used in the plating baths. 
The as-grown fibres were hydrophobic and were used with additives, e.g., PAA and 
PPI4Br, to improve their dispersibility in aqueous solution. The oxidised fibres were 
hydrophilic and formed a very stable suspension in alkaline electrolyte and a less 
stable one in acidic electrolyte. Various plating baths were investigated; acid copper, 
alkaline zincate, and acidic zinc sulphate. 
The composite deposits formed from the various baths were analysed using the quartz 
crystal microbalance (QCM), field emission gun scanning electron microscopy 
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(FEGSEM), energy dispersive analysis of X-rays (EDX), and Auger electron 
spectroscopy (AES) techniques. The QCM was applied in a novel manner as a probe 
for the detection of the inclusion of CNFs in the copper co-deposits in experiments 
involving both oxidised and as-grown CNF materials. This resulted in the proof of 
principle for the application of the QCM in the detennination of the CNF inclusion 
level. However, further experiments are required to optimise the QCM approach for 
quantification of the total amount of CNFs in the deposit. 
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